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Abstract
Systems at 10GHz based on the use of horn antennas and slotted-waveguide antennas
are studied along this work. The importance of this study relies on the fact that these
antennas can be employed for imaging applications by measuring the field distribution
at its apertures. In this sense, the response of such antennas was obtained for different
working conditions and, based on the results, it is proposed some configurations that
could be used for the implementation of an imaging retina. This project is the interme-
diate step in the construction of a THz system for short-range imaging applications in
which the UPC/AntennaLab group is currently working.
Keywords: horn antennas, slotted-waveguide antennas, profiled feed horn, correction lenses, ra-
diating elements, probes, MST technique, mixing technique, coherent detection, adapted lengths,
shunt elements.
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Introduction
Due to its inherent characteristics, microwave and millimeters waves offer the possibility
of implementing short range imaging systems that can accomplish tasks that conven-
tional optical and infrared systems cannot achieve [1]. For instance, microwaves and
millimeters waves, waves in the frequency range of 3-30GHz (10cm - 1cm wavelength)
and 30GHz-300GHz (10mm - 1mm), respectively, can penetrate some dielectric ma-
terials that are optically opaque, such as wood, plastics, clothing, etc. In this manner,
when the detection of objects located under this type of materials is desired, the use
of signals in the frequency range of 3GHz to 300GHz represents a viable option to
implement systems for such purposes.
In imaging, the spatial resolution that can be achieved depends on the frequency at
which the imaging system works. For instance, it is known that two objects can be
discriminated by an imaging system only if the separation between them is greater than
λ/2. It means that, in the frequency range of 3GHz to 300GHz, a spatial resolution
between 5cm-0.5mm would be obtained. Taking into account that media attenuation
is also a function of the frequency, a good compromise between spatial resolution and
tolerable media attenuation is achieved when frequencies around 100GHz are considered
[2].
In a world where security is an important issue in daily life, the use microwave and
millimeter waves stands as a possibility for the implementation of reliable systems able
to detect hidden objects, for example, in checkpoints in airports, rail stations, stadi-
ums, etc. Up to date, different systems have been proposed for such application. For
instance, the results of a mechanically scanned focal array at 94GHz are presented in
[3], while [4] proposes a fully-electronic imaging system where the scan of an object
would be obtained by modifying the working frequency of the system. However, there
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are other possible configurations that are unexplored with which a reliable, and compact
imaging systems working in real time with a relatively low cost could be obtained. The
UPC/AntennaLab currently works in obtaining an imaging system working at 100GHz.
Due to the inconvenient that physical dimensions of systems working at that frequency
represent, the first analysis of the system is planned to be carried out in a system at
10GHz, in the X-band. In this sense, this work represents the first step in the design
of such imaging system.
Along this work, the performance of two different systems that could be used as imaging
retinas is studied: a horn antenna and a slotted-waveguide antenna. Such antennas were
chosen based on the fact that, when working under certain conditions, they offer the
possibility of implementing imaging systems by including probes at its apertures to
measure the field distribution in the positions where the probes are located by using
the Modulated Scatterer Technique (MST) or a mixing technique. When used the MST
technique, the presence of the probe produce a change in the reflection coefficient at
the input port of the antenna. Since the probe is modulated and the magnitude of its
effects depends on the field distribution at the position of the probe, changes of the
reflection coefficient S11 represent an indirect measurement of the electric field at the
aperture of the antenna and it can be separated from other signals by means of coherent
detections techniques. On the other hand, the mixing technique relies on the mix of
signals that reach the positions of slots. In this manner, the signal that contains the
information of the object to be imaged is shifted in frequency and it could be measured
at the terminals of the mixer device. When the horn antenna and the slotted waveguide
antennas are considered, half-wavelength dipoles and longitudinal slot cuts, respectively,
are contemplated as the probes that would be placed at the aperture of the antennas with
a separation of around λ/2 between adjacent probes. In order to implement modulators
and mixers, the probes are, respectively, loaded with PIN and Schottky diodes. For both
working schemes, a perfect uniformity of the transfer function from the probe array to
the input port of the antenna is desired. It means that such array should be located in
front of the collector at a place where the collector operating in a transmitting mode
would create a uniform field, both in amplitude and in phase.
This work is organized as follows: in Chapter 1, it is intended to obtain a system
with a constant field distribution both in amplitude and in phase at the aperture of a
horn antenna. While the phase correction is based on the use of lenses, the amplitude
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correction is obtained by modifying the geometry of the feed horn. After that, Chapter
2 presents the characterization of a one-slot waveguide antenna. In this manner, the
performance of such an antenna is obtained for different positions and dimensions of the
radiating element, the slot cut located on the broad wall of a standard waveguide WR-
90. Finally, the influence of shunt elements at the aperture of radiating elements in the
performance of slotted-waveguide antennas is studied en Chapter 3. Moreover, taking
into consideration the parameters of commercial devices, three possible configurations
of an 8-slot waveguide antenna are proposed when used a PIN and a Schottky diode as
shunt elements at the aperture of radiators.
5
Chapter 1
Amplitude and Phase Correction
in a Horn Antenna
The objective of this part is to obtain a system able to produce an electric field with
a constant distribution both in amplitude and in phase. It was decided to work with
a rectangular horn antenna as a transition between a waveguide and the plane where
this constant field distribution is desired. In terms of amplitude, different profiles of the
feed horn were studied. In particular, it was investigated the performance of the system
using a polynomial and a circular profile. In the case of the phase, the correction is done
by mean of lenses.
1.1 Dimension of the Horn Antenna
The physical dimensions of the system depend on the frequency f at which the system
will work. In this case, the system is planned to operate at 10 GHz. Since it is desired
to excite only the mode TE10, the suitable waveguide at this frequency is the WR-90
[5]. The inside dimensions of this standard rectangular waveguide are 22.86×10.16mm.
With regard to the feed horn, it was decided to work with a sectoral H -plane horn
antenna with an aperture of 160 × 20mm. With such dimensions and considering a
frequency of 10 GHz, it would be possible, for instance, to place an 8 half-wavelength
dipole array with a separation of λ/2 (15mm) between dipoles at the aperture of the
antenna (see Figure 1.1). The length of the feed horn is 120mm.
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Figure 1.1: Dimensions of the antenna horn
A scale representation of a horn antenna with the selected dimensions is shown in Figure
1.1. It can be observed that this model represents an antenna with a feed horn with
linear profile. The field distribution at the aperture of antennas with this configuration
is known and is given by Equation 1.1, where E0 represents the maximum value of the
electric field, β = 2pi/λ the wavenumber, and δ(x) the difference in phase with respect
to a surface, a cylindrical one, of constant phase [6]. According to this equation, the
maximum power of the electric field is located at the center of the aperture (x = 0) and
has a magnitude of 20 log(E0). In the same way, the points where the power decays to
half of its maximum value are positioned at x± a1/4, where a1 = 160mm is the width
of the antenna aperture. It means that the power is above −3dB with respect to the
central value only in half of the total area of the aperture. As well as the maximum
magnitude of the power, the maximum difference in phase is located at the center of
the aperture. Such difference is calculated with respect to the phase at the borders of
the antenna aperture and it can be computed evaluating Equation 1.2 at x = 0. Thus,
a maximum difference of phase of 4.15rad (238◦) is found.
Ez = E0 cos
(
pi
a1
x
)
eiβδ(x) (1.1)
δ(x) =
a21
8`h
− x
2
2`h
(1.2)
An antenna with the selected dimensions was simulated using Ansoft HFSS. In this
simulation, the antenna has a feed horn with a linear profile and the electric field is
calculated over a line that has been placed in the intersection of the horizontal plane XY
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Figure 1.2: Simulated (solid line) and theoretical (dashed line) results of amplitude (left) and
the phase (right) of a horn antenna with linear profile
and the plane where the aperture of the antenna is located. The geometric place where
the amplitude and the phase are measured is specified with the name Line in Figure 1.1.
The mode TE10 is excited in the waveguide using a linear port that is parallel to the z–
axis. This 50Ω port is located a distance of λg/4 from the short-circuit termination of the
waveguide. The wavelength inside the guide λg was calculated using Equation 1.3. The
walls of the waveguide and the horn feed were simulated as perfect electrical conductors
(PEC). In the results, the components Ex and Ey of the electric field are neglected. For
this reason, it is only presented the phase of the component Ez. Figure 1.2 shows the
theoretical and simulated results for this horn antenna. The theoretical performance of
the system was obtained by using Equation 1.1 for E0 = 668[V/m] = 56.5[dBs]. The
position where the field is measure has been normalized to the width of the aperture a1.
It means that the results are presented for positions at the aperture from -0.5 to 0.5.
λg =
λ√
1−
(
fc
f
)2 (1.3)
fc =
c
2a
≈ 6.56[GHz] (1.4)
From Figure 1.2, it can be observed the similitude between the theoretical and simulated
results. The main differences between such results are found around the center of the
graphs. The absolute errors in amplitude and phase at the center of the aperture, at
x = 0, are 0.5dB and 5◦, respectively.
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1.2 Amplitude Correction at the Aperture of a Horn An-
tenna
As mentioned, the power of a horn antenna with linear profile is above −3dB with
respect to the central value only in half of its aperture. However, it is known that the
performance of this type of antennas changes when modifying the profile of the feed
horn [7, 8]. In this work, the behavior of the system was evaluated for a polynomial
and a circular profile. In both cases, it was possible to increase the area at the antenna
aperture over which the power is above −3dB. The details of this study are described
in the next paragraphs.
1.2.1 Amplitude Correction with a Feed Horn
with Polynomial Profile
Equation 1.5 shows the expression that was used to obtain the polynomial profile of the
feed horn. This equation is referenced to a Cartesian system whose origin is located
at the transition between the lateral walls of the waveguide and the feed horn. The
auxiliary reference system is represented in Figure 1.3. As it can be observed, the X ′–
axis has a vertical direction and it increases toward the bottom part of the figure. In
the case of the Y ′–axis, the increment is toward the antenna aperture. Horn antennas
with different polynomial profiles were simulated. All these profiles were obtained using
Equation 1.5 for different values of the exponent k. Figure 1.4 shows the results for
polynomial profiles with k = 1, 1.65, and 2. In each case, the magnitude is plotted
in dBs normalized to the maximum obtained amplitude. Regarding the phase, it is
considered the center of the aperture (x = 0) as the position where the system always
presents a response with a phase equal to 0◦. Similar than in the linear profile case,
both the amplitude and the phase are computed over a line at the antenna aperture.
y′ = `′h
[
u(x′)
]k
(1.5)
u(x′) =
2x′
a1 − a (1.6)
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Figure 1.3: Scheme of the polynomial profile. The vertex of this resultant geometric place is
located at the origin of the auxiliary reference system. Profiles for different values of k are shown
(right)
Figure 1.4: Amplitude (left) and phase (right) for different polynomial profiles: k = 1 (dashed
line) k = 1.65 (solid line) and k = 2 (dotted line)
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By changing the value of n in the equation of the polynomial profile, it was possible
to extend the region of the antenna aperture in which the magnitude of electric field is
above −3dBs. For k = 1 and k = 1.65, the width of this region is around 0.42a1 and
0.8a1, respectively. When k = 1, the system is configured as a horn antenna with linear
profile. In this sense, we can observe that simulated result differs from the theoretical
expected width of 0.5a1. However, it should be mentioned that this theoretical result
was obtained from an approximate model of the electric field [6] because of the fact
that some assumptions and simplifications are done when it is developed. On the other
hand, for k = 2, the system present two regions above −3dBs that are divided by
a central one with a normalized magnitude of −4.2dB. Regarding the phase, there
are not considerable changes in the difference of phase between the extreme points
and the central part of the aperture among the three cases that are plotted in Figure
1.4. However, we should have in mind that the objective of this part is an amplitude
correction and not a phase correction. In this sense, the best result is the one that it
has been obtained for k = 1.65 because the width of the region where the amplitude
presents a response above −3dB is almost twice for this case than the width that is
obtained for k = 1.
1.2.2 Amplitude Correction with a Feed Horn
with Circular Profile
A feed horn with a circular profile was the second selected configuration to try to ex-
tend as much as possible the width of the region at the antenna aperture where the
magnitude of the electric field presents a response above −3dB. In this configuration,
the lateral walls of the feed horn are a segment of a circumference with radius Rc. Such
circumference has its center at C(0, Yc) in the auxiliary reference system that is shown in
Figure 1.5. The origin of this Cartesian reference system is positioned at the middle of
a line segment with end points located at the transition between the lateral walls of the
feed horn and the waveguide (P1) and at the lateral edge of the antenna aperture (P2).
Taking into account that such points always belong to the circumference regardless of
the value of its radius Rc, the profile of the feed horn is defined by the circumference seg-
ment contained between P1 and P2. Equation 1.7 defines the expression of this circular
profile. Such equation is defined for values of x between −Xp and Xp
11
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Figure 1.5: Scheme of the circular profile. The auxiliary reference system that is used to obtain
it is shown (left), as well as circular profiles for different positions of the center (right)
R2c = (x
′′)2 + (y′′ − Yc)2 (1.7)
It was investigated the performance of the system for different values of Yc, the y–
coordinate of the center of the circumference. Figure 1.6 shows simulated results for
Yc = 100, Yc = 165, and Yc = 400. As well as in the case of the feed horn with
polynomial profile, it is plotted a normalized magnitude and a relative phase of the
electric field. Again, such parameters have been computed over a line located at the
antenna aperture. As expected, different field distributions at the antenna aperture
were obtained for different values of Yc. In this sense, it was found that the width of
the region where the magnitude is above −3dB is 0.86a1 and 0.54a1 for, Yc = 165, and
Yc = 400, respectively. In the case of Yc = 100, the magnitude is above the −3dB
line in three regions separated by parts where the normalized power even decays below
−5dB. Taking into account that the goal of this section is only an amplitude correction,
a system with Yc = 165 is the best option when a feed horn with circular profile is used.
In order to observe the performance of the system for different frequencies, the horn
antenna with the circular profile which is obtained for Yc = 165 was simulated for a
frequency range from 9 to 11GHz. In this respect, the field distribution at the antenna
aperture was computed in the range mentioned with a frequency resolution of 200MHz.
The results of these simulations are represented in Figure 1.7. In the case of the mag-
nitude of the electric field, its maximum value at the antenna aperture is searched for
12
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Figure 1.6: Amplitude (left) and phase (right) for different circular profiles: Y c = 100 (dashed
line), Y c = 165 (solid line), and Y c = 400 (dotted line)
each of the frequencies. Thus, it is gotten as many values as frequencies. Then, the
magnitude of the electric field at the antenna aperture is normalized to the maximum
value obtained at the frequency that is being assessed. In the figure it is only presented
the results with magnitudes above -3dBs. Regarding the phase, it is also used different
references according to the frequency that is being simulated. In this manner, the phase
at the center of the aperture is obtained for each of the frequencies and it is considered as
the reference to obtain the existing phase difference for all the positions at the antenna
aperture at that frequency. From the results, we can observe that the width of region in
which the magnitude is above −3dB does not remain constant in the frequency range
considered. In fact, the response is separated by a central region with a power below the
threshold of −3dB for some of the frequencies. In addition, the extension of the region
with a magnitude above such threshold is considerably smaller than the width obtained
for 10GHz for some frequencies in which the response presents a single central region.
Figure 1.8 shows the magnitude and the phase at the antenna aperture for 9.8, 10, and
10.6GHz. The former and the last value correspond to the closer frequencies to 10GHz
where the magnitude fell below −3dB for the first time when a central region between
±0.4a1 is considered. In this sense, 9.8 and 10.6GHz could be taken as the limits of the
frequency band around 10GHz where the magnitude of the field distribution presents
a flat response. Unlike the variations in magnitude of the electric field in function of
frequency, the phase at the antenna aperture is not strongly affected by frequency in
the range evaluated.
13
Chapter 1. Amplitude and Phase Correction in a Horn Antenna
Figure 1.7: Amplitude (left) and phase (right) at the antenna aperture for frequencies between
9 and 10GHz. A feed horn with a circular profile (Yc = 165) is considered
Figure 1.8: Amplitude (left) and phase (right) at the antenna aperture for 9.8GHz (dotted
line), 10GHz (solid line), and 10.6GHz (dashed line). In all the cases, a feed horn with a
circular profile (Yc = 165) is considered
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Figure 1.9: Radiation pattern of a horn antenna with circular profile (Yc = 165). E–plane
(left). H–plane (right)
The normalized radiation pattern of the antenna with a feed horn with circular profile
(Yc = 165) for a frequency of 10GHz is plotted in Figure 1.9. The angular separation
between the two half-power points are 16◦ and 64◦ for the H and the E–plane, respec-
tively. The maximum magnitude of the main lobe is located along the Y –axis of the
reference system shown in Figure 1.5. In both cases, the magnitude of the side and the
back lobes are always below −16dB with respect of the magnitude of the main lobe.
1.3 Phase Correction at the Aperture of a
Horn Antenna
Dielectric lenses are used as collimating elements in microwave antennas [5]. If these
structures are properly designed, it is possible to transform, for instance, a spherical
wavefront into a planar one by placing lenses with a refractive index n` in such a way
that the dielectric structure equalizes the optical path lengths for all the rays forming
the wavefront at the surface where a constant phase is desired [6]. In this sense, we
should remember that the phase velocity vp = c/n depends on the refractive index n of
the medium where the electromagnetic signal is traveling. The time ∆t that a ray needs
to travel a distance ∆y is given by equation 1.8. For a phase correction, this time ∆t
should be the same for all the rays at the surface where the planar wavefront is desired.
If a punctual source is considered, the equation of the surface of the lens satisfying such
conditions is given by equation 1.9 [6].
15
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Figure 1.10: Scheme of the resulting lens when a punctual source located at F is considered
∆t =
n∆y
c
(1.8)
r′ =
(n− 1)f
n cos θ′ − 1 (1.9)
Since lenses theoretically can collimate a given wavefront into another one, they were
chosen as the instruments to correct the phase of our system. These dielectric lenses
were inserted in the horn antenna in such a way that the surface of the lens where the
required wavefront is located coincides with the antenna aperture. The first tested lens
was one with a surface given by Equation 1.9. From this configuration, two others were
derived: a three-section lens and a lens with external coating. These configurations were
simulated considering a horn antenna with circular profile. After that, the configuration
with the best result in terms of phase is chosen to be tested in a horn antenna with a
polynomial profile. The horn antenna with circular profile with Yc = 165 was selected
to prove the different lens configurations. As it was shown in section 1.2.2, this antenna
presents an electric field with a magnitude above −3dB along an aperture width of
0.86a1 and it also presents a maximum difference in phase of 156
◦ among the central
part of the aperture and the extreme points of this region. Thus, we expect to reduce
this maximum difference in phase through the use of lenses. Finally, Figure 1.11 shows
the magnitude and the phase of the electric field for the circular and the hyperbolic
16
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Figure 1.11: Amplitude (left) and phase (right) for a horn antenna with circular profile (solid
line) with Yc = 165 and with a polynomial profile (dashed line) with k = 1.65
profile that presented the best performance in terms of amplitude. Nevertheless, both
of these configurations present a phase difference smaller than, for instance, 40◦ in an
aperture width of only about 0.42a1.
1.3.1 Phase Correction with a Simple lens
We chose lenses with surfaces defined by Equation 1.9 as the first approach to try to
obtain a field distribution with a constant phase at the antenna aperture. The distance
to de focus f and the refractive index of the lens n` are the parameters that were
considered in this study. Thus, results for different combinations of such parameters
are presented in this section. In the case of the distance to de focus, it is indirectly
modified when Yf , the y–coordinate of the position of the focus F , is changed. The
reference system that it being taking into account is represented in Figure 1.12. In the
simulations, it is considered a feed horn with the circular profile that was obtained for
Yc = 165 (see Figure 1.5 on page 12). As previously explained, the magnitude and
the phase of the electric field are always measured over a line located at the antenna
aperture. Besides, the plane where this aperture is located coincides with the surface of
the lens in which we are looking for a field distribution with a constant phase.
Figure 1.13 shows the results for three different positions of the focus F . Such foci were
obtained by changing the value of the parameter Yf . In all the cases, it was considered
a refractive index n` =
√
εr = 1.5, which coincides with the refractive index of polyethy-
lene. Lenses made from polyethylene has been produced and characterized by different
17
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Figure 1.12: Representation of the different lenses that were simulated: for lenses with different
refractive indexes n` (left) and for different positions of the focus F (right)
Figure 1.13: Amplitude (left) and phase (rigth) of the electric field at the antenna apperture
for Yf = −20 (dashed line), −35 (solid line), and −40 (dotted line)
18
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Figure 1.14: Amplitude (left) and phase (rigth) of the electric field at the antenna aperture for
n` = 1.22 (dashed line), 1.25 (solid line), and 1.5 (dotted line). In all the cases, Yf = −35
authors [9]. Furthermore, this material presents good machinability and low losses at
millimeter-wave frequencies [10]. From the results, the difference between the maximum
and the minimum phase that is observed at the antenna aperture is 84.5◦,66.4◦, and
66.2◦ for Yf = −20,−35, and −40, respectively. In all cases, the results show a behavior
with a kind of periodic oscillation. Such variations could be due to internal reflections
between the air-to-dielectric surfaces in the transverse and longitudinal directions of the
lens. Equation 1.10 shows the expression the reflection coefficient ρ. In our case, a
reflection coefficient ρ = 0.2 is computed at the lens surfaces. According to [5], internal
multiple reflections between lens surfaces leads to the production of sinusoidal variations
in amplitude and phase over the aperture because of the phase addition that exists be-
tween the transmitted and the reflected waves inside the lens. Although using lenses
with this configuration decrement the phase difference, the magnitude of the electric
field is considerably affected. In this sense, a lens with Yf = −20 would be the best
option because it presents the widest central region at the antenna aperture with the
magnitude of the electric field above −3dB. However, such width, 0.4a1, is significantly
shorter than the width when lenses are not used (0.86a1).
ρ =
n` − 1
n` + 1
(1.10)
Figure 1.14 shows the simulated results for lenses with refractive indexes nl = 1.22, 1.25,
and 1.5. It is considered a single focus located at F (0, Yc = −35) for the three cases
(see Figure 1.12). It can be observed that the less the value of the refractive index, the
19
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less the oscillations of the magnitude around the central part of the aperture. It can
be related with the reduction of internal reflections at the lens surfaces. Among the
three cases, the one with n` = 1.22 presents the widest central region (0.44a1) with a
magnitude above −3dB. For this refractive index, a reflection coefficient ρ = −0.099 is
computed. In regards to the phase, it is observed an increment of the phase difference
if the entire aperture is considered. However, if only the region of the aperture between
±0.44 is considered, a difference of phase of around 40◦ is observed. Since in this section
we are interested in a phase correction, a refractive index n` = 1.5 represents the most
convenient option among the three cases that were tested.
1.3.2 Phase Correction with a 3–Sectioned Lens
Based on the fact that the main differences among the results for a simple lens are
presented at the lateral regions of the antenna aperture, it was decided to try a lens
with a different shape. In order to implement this new configuration, the lens is divided
into three parts: two symmetrical regions located at both sides of a central section.
Furthermore, the divisions are made in planes that are perpendiculars to the antenna
aperture. In this configuration, the lens surface of the central region is defined by the
equation for a simple lens (Equation 1.9 on page 16). Such equation is evaluated for
angles θ′ between ±θrt = ±Lrtθ0, where Lrt takes values from 0 to 1 and represents
the fraction of θ0 that is being considered to define the central region of the lens. θ0 is
the angle between an horizontal line and the line segment defined from the focus F to
the extreme point of the antenna aperture (see Figure 1.10). On the other hand, it was
defined a lens surface with polynomial profile for the two lateral sections of the lens.
Such lateral sections are defined for angles between ±θrt and ±θ0, respectively. The
procedure to obtain the polynomial profile of the lens surface is similar than the one
that was followed in section 1.2.1 to obtain the polynomial profile of the feed horn. In
this case, the origin of the auxiliary reference system is located on the lens surface at
the transition between its central region and lateral ones, as it can be observed in Figure
1.15. Taking these points into account, the lens surface of the lateral regions is defined
by Equation 1.11, where `w is the distance from the origin to the antenna aperture; a
′
1
represents the distance of the vertical displacement (in Figure 1.15) from the origin to
the extreme point of the lens.
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Figure 1.15: Representation of the 3-sectioned lens. The lens surfaces for different values of kl
are presented. The auxiliary reference system for the bottom section of the lens is shown
yp = `w
(
2xp
a′1
)k`
(1.11)
The performance of the system was studied for different parameters of the 3–sectioned
lens of refractive index n` = 1.5. In particular, the horn antenna with the inserted lens
was simulated for different values of the exponent k`, for different fractions Lrt of θ0,
and for different positions Yf of the focus F . Figure 1.16 contains the results for k` = 1,
5, and 12. In the three cases, lenses with Lrt = 0.8 and Yf = −35 are considered. From
the results, it can be observed that a change of the shape of the lateral section of the
lens modifies the amplitude and the phase of the electric field at the antenna aperture.
Regarding the magnitude, larger values of k` improve the response of the system. This
statement is based on the fact that it was possible to modify the response obtained
for k` = 1, two separated regions with a magnitude above −3dB, when larger values
of k` were simulated. For k` = 12, the magnitude is above −3dB for a single zone
with a width of 0.38a1 located around the center of the antenna aperture. On the other
hand, the difference between the maximum and the minimum phase is incremented when
larger values of k` are used and the entire perture is considered. However, if we only
put attention on the response in the proximity of the central part of the aperture, for
instance between ±0.2, we can observe that such difference decreases as k` increases.
In the case Lrt, its influence was studied considering two values: 0.8 and 0.95. We should
have in mind that these values are related to the extension of the central section of the
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Figure 1.16: Amplitude (left) and phase (right) of the electric field at the antenna aperture for
k` = 1 (dashed line), k` = 5 ( dotted line), and k` = 12 (solid line)
Figure 1.17: Representation of the lenses for different values of Lrt (left) and for different
positions of the focus F (right)
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Figure 1.18: Magnitude (left) and phae (right) for Lrt = 0.8 (solid line) and Lrt = 0.95 (dashed
line)
lens, which is defined by the equation for a simple lens (Equation 1.9). Thus, the more
the value of Lrt is close to one, the more the response of the system is similar than for a
simple lens. This fact can be observed if the results plotted in Figure 1.18 are compared
with the results for n` = 1.5 presented in Figure 1.14. In the results for different values
of Lrt, it is considered k` = 12 and Yf = −35.
The last parameter that was assessed is the position of the focus. In this respect, Figure
1.19 presents the simulated results for Yf = −10, Yf = 18, and Yf = −35. In all the
cases, it is considered k` = 12 and Lrt = 0.8. Thus, the results for Yf = −35 corresponds
to those results presented in Figure 1.16 for k` = 12 and in Figure 1.17 for Lrt = 0.8
and that have been described some paragraphs before. In terms of the amplitude, the
best result is the one obtained for Yf = −35, because it represents the position of the
focus for which the response presents the widest central and continuous region with a
magnitude above −3dB among all the simulated positions. However, the results for
such position presents the highest different between the maximum and minimum value
of phase if the entire aperture is considered. For positions between ±0.4, the results
present a maximum phase difference of 47◦, 30.1◦, and 76.7◦ for Yf = −10, -18, and
-35, respectively. The maximum phase difference obtained for Yf = −18 improves the
result reached for a simple lens (66.2◦) when the same width is considered. However,
the magnitude is considerably affected for this position of the focus. For such position,
the magnitude is above −3dB for a width 0.13a1.
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Figure 1.19: Magnitude (left) and phase (right) for Yf = −10 (dashed line), Yf = −18 (solid
line), and Yf = −35 (dotted line)
1.3.3 Phase Correction with a Lens with External Coating
The results that have been presented so far show that it is possible to reduce the dif-
ference in phase of the electric field at the antenna aperture by using lenses. However,
when these dielectric elements are used, the response has presented oscillations in both
magnitude and phase. The effects of the air-to-dielectric interface have been studied by
different authors, such as it can be observed in [10] and [11]. Thus, it is known that the
use of matching elements at the lens surfaces can help to decrease the magnitude of the
oscillations [5]. A simple way to accomplish such matching is by adding to each surface
a quarter-wavelength-thick coating (in the material) with a lower refractive index than
the one of the core of the lens. In fact, it is recommended a refractive index n2 =
√
n1 for
the coating, where n1 is the refractive index of the core. Of course, this option considers
the availability of material with the required refractive indexes. In this sense, the use of
coating elements is not the only way to avoid oscillations. For instance, it can be used
vertical or horizontal corrugations at the lens surfaces, arrays of dielectric elements, etc.
[5]. However, taking into account the simplicity of the model, it was decided to use
coating elements to try to reduce the oscillations in the response of our system. Two
configurations of the matching element were considered. In the first one, a central lens
with a refractive index n1 is used. At the surfaces of such central element was added a
coating of refractive index n2 =
√
n1 with a thick w = λ/4 For the second option, two
coatings are considered. The refractive indexes of such coating elements are n2 =
√
n1
and n3 =
√
n2. The coating element with refractive index n2 is directly in contact with
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Figure 1.20: Schemes of horn antennas with lenses for phase correction: with one coating (left)
and with two coatings (right)
the central part, the core of the lens. n3 is the refractive index of the external coating.
Both coatings have a thick w = λ/8. These configurations can be observed in Figure
1.20.
Both configurations of lenses were simulated using a feed horn with circular profile for
Yc = 165. In both cases it is considered that the external surface of the lens array is
defined by Equation 1.9, the equation of a simple lens. The internal surfaces of the lens
are defined from the external one. Figure 1.21 shows the results for a simple lens and
for lens with one and with two coatings. In all cases, a position of the focus Yf = −35
is considered. The results show a decrement of the phase difference from 66.2◦ for a
simple lens to 54.6◦ and 27.1◦ for a lens with one and two coatings, respectively. It
should be mentioned that only the region at the antenna aperture between ±0.4 is
being considered to obtain the maximum phase difference. The reduction of oscillations
is also observable in the magnitude of the electric field. In this respect, it was possible
to obtain a single central zone above −3dB with a width 0.4a1 and 0.45a1 for one and
two coatings, respectively.
Based on the results, it was decided to work with a lens with two coatings. In order
to improve the phase response of the system, different positions of the focus F were
simulated using the same feed horn with circular profile. In Figure 1.22, it is plotted
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Figure 1.21: Magnitude (left) and phase (right) for horn antennas without lens (dashed line),
with a lens with one coating (dotted line), and with a lens with two coatings (solid line)
Figure 1.22: Magnitude (left) and phase (right) for a horn antenna with a two-coated lens for
different positions of the focus: Yf = −35 (dashed line) and Yf = −40 (solid line)
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Figure 1.23: Magnitude (left) and phase (right) for three different polynomial profiles: for
k = 1.65 (dashed line), for k = 1.75 (solid line), and k = 1.85 (dotted line)
the magnitude and the phase for Yf = −35 and Yf = −40. Although the magnitude of
the electric field does not present a significant change, the phase difference was reduced
from 27.1◦ for Yf = −35 to 20.6◦ for Yf = −40. A phase difference of 20.6 represents a
oscillation of ±10◦ around a central value.
Lenses with two coatings were simulated considering a feed horn with polynomial profile.
In this case, a polynomial profile defined by Equation 1.5 and 1.6 is considered In
particular, the horn antenna was simulated for profiles with k = 1.65, 1.75, and 1.85. In
all cases, lenses have their foci at Yf = −40. The results plotted in Figure 1.23 show that
the magnitude of the electric field is above −3dB for an aperture width of 0.64a1, 0.7a1,
and 0.76a1, for k = 1.65, 1.75, and 1.85, respectively. Such results are considerably
better than for a circular profile when the same lens is used. With respect to the phase,
the maximum difference is around 33◦ for the three cases. Based on the results that were
obtained for a circular profile, the system was also simulated for lenses with different
position of the focus. As expected, the magnitude is not affected by changes of Y0. In
the three cases, the width of the region at the aperture with a magnitude above −3dB is
around 0.76a1. Regarding the phase, the response presenting the lower phase difference
is the one obtained for Yf = −50. For this position of the focus, the phase varies ±14◦.
Using a similar data processing than the one explained in Section 1.2.2 (see page 12),
the performance of the system was obtained for frequencies between 9 and 11GHz. In
this case, the configuration used for the simualtions corresponds to an antenna with the
polynomial profile obtained for Yf = −50 and k = 1.85. In addition, a two-coated lens
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Figure 1.24: Magnitude (left) and phase (right) for lenses with different positions of the focus:
for Y0 = −40 (dashed line), for Y0 = −45 (solid line), and for Y0 = −50 (dotted line)
is considered. The results of these simulations are represented in Figure 1.25. Again,
it is only plotted those magnitudes with a power above the threshold of −3dB with
respect to the maximum value obtained at the frequency that is being simulated. Thus,
we can observe variations in the extension and in the positions of the regions which
present magnitudes above −3dB. On the other hand, the phase differences for each of
the frequencies are obtained with respect to the phase at the center of the aperture at
that frequency. Figure 1.26 shows the magnitude and the phase at 9.8, 10, and 10.6GHz.
These results are presented because 9.8 and 10.6GHz are the limits within which the
difference between the maximum and the minimum value of phase stays smaller than
40◦. In such frequency range, the magnitude is not strongly affected. In fact, the
magnitude stays above −3dB for regions at the antenna that are wider than 0.64a1 for
all the frequencies belonging to this range.
Finally, the radiation pattern at 10GHz of an antenna with a feed horn with polynomial
profile (Yf = −50 and k = 1.85) considering a lens with two coatings is plotted in Figure
1.27. In this case, the angular separation between the two half-power points is 8◦ and
64◦ for the H and the E–plane, respectively. Thus, it is observed that the angular
separation for the H–plane is only half of the separation obtained for the feed horn with
circular profile presented in Figure 1.9 when the same plane is considered.
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Figure 1.25: Magnitude (left) and phase (right) at the aperture of an antenna with the feed
horn with polynomial profile obtained for Yf = −50 and k = 1.85 for frequencies between 9 and
11GHz. A lens with two coatings is considered
Figure 1.26: Magnitude (left) and phase (right) at the aperture of an antenna with a feed horn
with polynomial profile (Yf = −50 and k = 1.85) for 9.8GHz (dotted line), 10GHz (solid line),
and 10.6GHz (dashed line). A lens with two coatings is considered
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Figure 1.27: Radiation pattern of an antenna with a feed horn with polynomial profile (Yf =
−50 and k = 1.85) and a two-coated lens. E–plane (left). H–plane (right)
1.4 Conclusions
The performance of a horn antenna can be modified if the shape of the horn is changed.
This fact is beneficial when it is desired to obtain a given field distribution at the antenna
aperture without perform a change in the dimensions of the antenna. In this section, a
horn antenna with a flat response in magnitude and phase at the aperture was desired.
It was possible to obtain a field distribution with a magnitude above −3dB in the 86%
of the aperture’s width when a horn antenna with a circular profile is used. In the case
of the phase, a response of about ±10◦ was obtained for a hyperbolic profile with a lens
with two coatings. These results are better than the theoretical ones for an antenna with
a feed horn with linear profile: a magnitude above −3dB over the 50% of the aperture
with a difference in phase of ±30◦ in such region of the aperture. However, the best
permormance in terms of magnitude and phase was obtained for different configurations.
When the magnitude and the phase are considered, the best result was obtained for an
polynomial profile with a two-coated lens because the 76% of the aperture presents a
magnitude above −3dB with changes in phase of about ±14◦. Of course, the application
of the system is who determine if the results have been sufficiently improved. However, it
should be taken into account that such simulated results could be difficult to implement
because of the fact that in the configuration of the lens, the existence or not of the
material was not considered. It was only considered the refractive index. As mentioned,
there are other configurations that could be used. Another aspect is the existence of
the coatings around the central lens. This fact could complicate its manufacturing.
30
Chapter 1. Amplitude and Phase Correction in a Horn Antenna
If the goal of the system is to implement an antenna array at the aperture, it could
be convenient to implement the phase correction directly at the antennas of the array
using, for instance, delay lines or software, since the phase response of the system can
be determined.
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Characterization of a
Slotted–Waveguide Antenna
Slot cuts in the walls of waveguides can be used as radiating elements of electromagnetic
energy if the current distribution, the one induced by the fields in the interior of the
waveguide over its boundary surfaces, is disturbed by such slots [12] [5]. It is not
the only characteristic for which slotted-waveguide antennas have been widely used
for radar and communication system. Geometric simplicity, efficiency, reliability, high
power handling capability, and the fact that no special matching network is required for
its implementation are other important features that have been exploited by systems
employing this kind of antennas [13] [14]. Since the radiated field is related to the
disturbed surface current, the location with respect to the waveguide and the shape of the
slots control the characteristics the electromagnetic field radiated by slotted-waveguide
antennas. For slot cuts on the rectangular-waveguide broad wall, the displacement of
the slots and , when polarization diversity is required, its inclination with respect to the
waveguide centerline are the parameters that are normally modified to achieve a desired
performance of the system.
Although slotted-waveguide antennas have been studied for more than fifty years [15],
the theoretical models that have been proposed are valid only for small displacements
of the slot with respect of the waveguide centerline [16] [17] [5]. It means that the
models are applicable for positions where the performance is not considerably affected
by the side walls of the waveguide. In this work, we take advantage of the existence
32
Chapter 2. Characterization of a Slotted–Waveguide Antenna
of EM Analysis Software to determine the characteristics of a resonant antenna with
a longitudinal slot on the waveguide broad wall for an operating frequency of 10GHz.
The commercial software CST Microwave Studio was used to analyze the performance
of the antenna. The parameters that were assessed are the displacement of the slot
with respect to the waveguide centerline and the length of the slot. On the other hand,
the parameters of the system that have been determined are the equivalent admittance-
impedance representation of the slot, the value of such admittances-impedances as a
function of the displacement of the slot with respect to the waveguide centerline, the
slot lengths to obtain a system with an operating frequency of 10Ghz, and the radiation
pattern of the system. Furthermore, it is presented the effects on the performance of
the system produced by small variations in the dimensions of the slot. At the end of
the chapter, simulated results are compared to measured results for a slotted-waveguide
antenna that is available at UPC/AntennaLab.
Finally, it should be mentioned that the main motivation of this study is that a slot–
antenna array could be used for the implementation of an imaging retina. In this manner,
the knowledge of the operational characteristics of a one–slot waveguide antenna is
important for our purposes since it represents the first step in the design of a system
able to accomplish the desired objective.
2.1 Dimensions of the Slotted-Waveguide Antenna
As mentioned some paragraphs before, a slotted-waveguide antenna with an operating
frequency of 10GHz is the system that we want to characterize. The dimensions of the
guide on which the slot cuts are made depend on such operating frequency and also on
the waveguide modes that that will be excited. When slot cuts are employed to couple
power from waveguide modal field into free space, only the mode TE10 is usually excited.
Actually, the existing theoretical models for systems with this configuration have been
obtained for waveguides in which only such dominant mode exists into the guide [16]
[17]. According to [5], it is required the existence of only the TE10 mode to control
the field distribution in the slots, i.e. to regulate the aperture illumination. Taking
into account this fact, the dimensions of the standard waveguide WR-90 were chosen
to configure the antenna. In this manner, a waveguide with inside dimensions a × b =
22.86mm×10.16mm is considered in the simulated results presented in this chapter. The
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Parameter Expression Value
Cutoff frequency fc = c/2a 6.55GHz
Guide wavelength λg = λ/
√
1− (fc/f)2 39.71mm
Wave admittance Yo =
λ
λg
√
ε/µ 0.002Ω−1
Wave impedance Zo = 1/Yo 499Ω
Table 2.1: Parameters of the waveguide WR-90 at 10GHz
thickness tg = 1.27mm that the standard waveguide WR-90 presents was also taken into
account during the simulations. Waveguides with such dimensions are suitable to work
in the X–band, the frequency range between 8 and 12GHz [5]. The values of the guide
wavelength λg, the wave impedance Z0, and the wave admittance Y0 are shown in Table
2.1. Such parameters have been computed considering the dimensions of the standard
waveguide WR-90 and a frequency f = 10GHz (λ = c/f ≈ 30mm). The values of ε
and µ are the ones of the vacuum permittivity and permeability (8.85×10−12Fm−1 and
4pi × 10−7Hm−1, respectively) and c = 3× 108ms−1 is the speed of light in free space.
During the simulations, it was considered a Perfect Electrical Conductor (PEC) as the
material of the waveguide.
Although the slot length a′, the wide dimension of the slot, depends on the displacement
d of the radiating element with respect to the waveguide centerline, the slots are always
near half wavelength long in a resonant slotted waveguide antenna [13]. Regarding
the slot width b′, the narrow dimension of the slot, the literature [5] suggests that the
performance of the system does not present significant changes for slot widths that are
small compared with slot lengths. In order to satisfy this condition, it was decided to
configure a system with slot widths b′ = (λ/2)/10 ≈ 1.5mm.
As commented at the beginning of this chapter, the intention of this study is to obtain
information about the performance of a one–slot waveguide antenna that then will be
used in the design a slot–antenna array for imaging applications. For resonant slot–
antenna arrays, the slots are usually spaced half a guide wavelength away from adjacent
slots to obtain in–phase radiating elements [18]. Taking into account these conditions,
it was chosen a waveguide with a total length `g = 17(λg/4). With such length, it
would be possible to have and array with 8 slots along the broad wall of the waveguide.
Furthermore, the center of the slot is placed at a distance λg/4 from one of the termi-
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Figure 2.1: Scale representation of the slotted-waveguide antenna
nations of the guide. This termination is shorted by a metallic sheet of PEC material.
Regarding the excitation, the TE10 mode is induced by a waveguide port at the end
opposite to the shorted end of the waveguide. According to the information given by
CST, a waveguide port is an special kind of boundary condition that is able to absorb
energy and to stimulate a waveguide mode pattern that matchs perfectly with the mode
pattern from the waveguide inside the structrure. When the S–parameters are measured
in this kind of ports, the wave impedance that CST takes into account corresponds to
the average ratio of the transversal electric field to the transversal magnetic field for all
grid points i in the port plane, as defined by Equation 2.1. Finally, Figure 2.1 shows a
scale representation of the system that was considered to obtain the simulated results
presented in this chapter. The dimensional parameters mentioned in this section and
the Cartesian reference system that is being employed are depicted in the figure.
Zw = Average
(
Ei
Hi
)
(2.1)
2.2 Equivalent Network Representations
In a slotted-waveguide antenna, the power that is coupled from the internal field to
free space is a function of the degree of perturbation of the current distribution on the
walls of the waveguide that occurs because of the presence of the slot. According to the
type of interaction existing between the slot and the surface current, it is possible to
establish an equivalent representation of the system. For the type of antenna studied in
this work, a waveguide antenna with a longitudinal slot, the slot cut loads the waveguide
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Figure 2.2: Equivalent networks of longitudinal shut slot. Shunt admittance (left); shunt
impedance (right)
with significant shunt admittance by interrupting the transverse current on the broad
wall of the waveguide. In fact, this kind of radiating element is normally known as shunt
slot. Figure 2.2 presents equivalent shunt networks for longitudinal slots. These models
are in terms of the conductance G and the susceptance B and in terms of the resistance
R and the reactance X for the shunt admittance and the shunt impedance networks,
respectively. These models are valid only for slot widths that are small compared with
slot lengths and slot lengths less than one guide wavelength [5]. Taking into account
that the admittance is the inverse of the impedance, Y = 1/Z, the expressions to obtain
the shunt admittance representation from the shunt impedance network are given by
Equations 2.2 and 2.3, where Z0 and Y0 represent the characteristic impedance and
admittance of the waveguide, respectively. The values of Z0 and Y0 are presented in
Table 2.1.
G
Yo
=
R
Zo(
R
Zo
)2
+
(
X
Zo
)2 (2.2)
B
Yo
=
− XZo(
R
Zo
)2
+
(
X
Zo
)2 (2.3)
Different authors have proposed analytical expression to evaluate the performance of
slotted-waveguide antennas. Indeed, the results obtained using these models have been
confirmed with experimental results when the system is working under certain condi-
tions. For instance, Oliner [16] introduced analytical expressions to obtain values of the
admittance and the impedance of the slots that are valid only for small displacements
of the slot with respect with the waveguide centerline. In this respect, Oliner suggested
that the influence of the side walls of the waveguide is manifested as a small shift in the
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resonance frequency of the slot. This resonance frequency is understood as the frequency
at which the impedance and the admittance of the slot have only real components. The
expression to compute the normalized resistance R/Zo of the slot that was proposed by
Oliner is defined by Equation 2.4. As it can be observed, the resistance of the slot is
expressed as a function of the dimensions of the slot (a′ and b′), the dimensions of the
waveguide (a, and b), the wavelength λ, and the guide wavelength λg. All these param-
eters have been defined in Section 2.1. Although the constraints of Oliner’s model, this
analytical expression is presented because it is used to verify the validity of the model
that was configured and simulated using CST to obtain the operational characteristics
of the one-slot waveguide antenna. As well as expressions exist for the resistance R,
models for the reactance X and the suceptance B have been obtained by Oliner and
others. However their evaluation is not the objective of this work. For more details
about such models, references [16], [17] can be consulted.
R
Zo
=
8pia3b
3λ3λg
[
1−
(
2a′
λg
)2]2 [
1− 0.374
(
a′
λ
)2
+ 0.130
(
a′
λ
)4]
sin2
(
pid
a
)
cos2
(
pia′
λg
) (2.4)
2.3 Performance of the Antenna for Different
Slots Displacements
As it has been mentioned, the electromagnetic field radiated by a slotted waveguide-
antenna is a function of the location of the slot. For a longitudinal shunt slot on the
broad wall of a waveguide, the displacement of such radiating element with respect to the
waveguide centerline is the parameter that controls the degree of coupling between the
modal field into the waveguide and the field radiated by the system. In this sense, the
goal of this section is the determination of the parameters of the slot, i.e. its conductance
G and its susceptance B, for different displacements of the radiating element when
considered an operating frequency of f = 10GHz.
2.3.1 Slot with Lengths Adapted to 10GHz
The first step to determine the admittance Y = G+jB of the slot at 10GHz is to obtain a
system operating at such frequency. Having this idea in mind, the antenna was simulated
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Figure 2.3: (Left) – |S11| for d=10.68 (solid line), 8.18 (dashed line), and 5.68mm (line with +
marks) for a′ = 14.75, 14.87, and 14.72mm, respectively. (Right) – slot lenghts a′ to get a S11
adapted at 10GHz; simulated data (◦ – marks) and fitted curve (solid line)
for different displacements of the slot. From now, we will refer to this displacement as
the offset d of the slot. At each position, the length of the slot a′ was modified until
getting a S11 adapted to 10GHz. This S–parameter is measured in the waveguide port
exciting the TE10 mode into the waveguide (see Figure 2.1). Considering the equivalent
circuit representation depicted in Figure 2.2, the S11–parameter represents the reflection
coefficient at the input of the network. In this sense, it is considered that the system is
adapted when most of the power is transmitted to the slot. Thus, the slot length a′ that
is selected is the one for which it is obtained the minimum value of the S11 parameter at
10GHz for a given offset d. This sought-after characteristic of the system is observed in
the frequency response of the slotted antenna presented in Figure 2.3-(left), in which the
S11 parameter is plotted in dBs for offsets d = 10.68mm, 8.18mm, and 5.68mm and slot
lengths a′ = 14.75mm, 14.87mm, and 14.72mm, respectively. Although with different
magnitudes, the minimum value of the reflection coefficient is obtained at 10GHz for
all three cases.
Figure 2.3-(right) shows the slot lengths a′ for the 19 equally-spaced offsets d between
1.68mm and 10.68mm that were simulated. When an offset d = 10.68mm is considered,
the lateral border of the slot coincides with the lateral wall of the waveguide. Hence,
it represents the physical limit of such parameter d. In the range of offsets that were
assessed, the lengths of the slot to obtain an adapted response at 10GHz are between
14.3mm (0.477λ) and 14.88mm (0.496λ). Before d = 8.68mm, the length of the slot
to obtain an adapted response increases with the offset. The inverse relationship that
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Parameter n p1 p2 p3 p4 p5 p6
a′ 5 8.3636× 10−5 -0.0028 0.0327 -0.1817 0.5720 13.717
Table 2.2: Coefficients of the polynomial p(x) = p1xn + p2xn−1 + . . .+ pnx+ pn+1 of degree n
that fit the simulated slot lenghts a′ as a function of the offset d
is observed after such position could be due to the influence of the side walls of the
waveguide in the performance of the system.
Taking advantage of the smooth variations of the slot length a′ as a function of the
offset d, a polynomial fitting curve was searched for. To determine coefficients of the
polynomial p(x) that fits the data, the polyfit function in Matlab was used. The degree
of the polynomial was determined considering the absolute error between the lengths
given by the fitted curve and the ones determined from simulations. In this manner, it
was chosen the polynomial with the lowest degree for which the absolute error stayed
below 1% for all the evaluated positions. This condition was first accomplished for a
polynomial with a degree n = 5. The coefficients of the polynomial that were obtained
are shown in Table 2.2. The form of the polynomial that is being considered is p(x) =
p1x
n + p2x
n−1 + . . . + pnx + pn+1 and, in this case, the dependent and independent
variables p and x represent the length a′ and the offset d of the slot, respectively. The
expression of the polynomial fitted curve considers that both a′ and d are given in
millimeters. Simulated data and fitted curve are plotted in Figure 2.3.
2.3.2 Admittance for Adapted Slots
As mentioned in section 2.3.1, the S11–parameter of the waveguide port feeding the
guide represents the reflection coefficient at the input of the equivalent network shown in
Figure 2.2. By definition, the expression to compute the S11–parameter of this equivalent
circuit is given by Equation 2.5, where Z = R + jX represents the waveguide load and
Z0 the characteristic impedance of the guide. For the system with which we are working,
such load is given by the impedance of the slot. From this fact, the conductance G and
the susceptance B of the slot can be calculated from the S11–parameter using Equation
2.6. This admittance Y = G+ jB is normalized to the characteristic impedance of the
waveguide Y0, whose value is shown in Table 2.1.
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S11 =
Z − Z0
Z + Z0
(2.5)
Y
Y0
=
1− S11
1 + S11
(2.6)
The magnitude and the phase of the S11–parameter as a function of the offset d of the
slot is plotted in Figure 2.4. These data were obtained considering lengths a′ of the slots
for which a response adapted to 10GHz is simulated. Indeed, these lengths of the slots
a′ are the ones illustrated in Figure 2.3. In addition, Figure 2.5 presents the conductance
G and the susceptance B for 19 different positions of the slot. These parameters of the
slot admittance are plotted along with the polynomial curve that fits the data with an
absolute error below 1% for all the assessed offsets. As well as in the case of the fitting
curve for the lengths of the slots that was described in section 2.3.1, the fitting curve
has a form p(x) = p1x
n + p2x
n−1 + . . .+ pnx+ pn+1. The coefficients of the polynomials
with a degree n = 3 are shown in Table 2.3 and they were obtained for offsets given
in millimeters. In both cases, the maximum absolute error eM is specified in the table.
On the other hand, the theoretical conductance of the slot using Oliner’s model is also
plotted. This model was evaluated using the inverse of the normalized resistance R/Z0
defined by Equation 2.4. This direct transformation between the conductance and the
resistance is only valid for shunt slots at resonance. It is considered that the slot is
at resonance when the imaginary part of the impedance (admittance) is zero. Despite
this fact, the values of conductance obtained from the simulations seem to be close to
those obtained using Oliner’s solution when the offset d is less than 6mm. As stated
by Oliner [16], his model does not take into account the influence of the side walls of
the waveguide. In this sense, the difference between the simulated and the theoretical
results when the slot is at the proximities of the lateral walls could be due to this fact.
Based on the coincidences between the curves, it is considered that the model configured
and simulated in CST is correct in the sense that its results can be corroborated with
existing theory.
For the range values of d evaluated (1.68mm− 10.68mm), the normalized conductance
G/Y0 presents a monotonically increasing trend from 0.0452 to 1.0276. On the other
hand, the normalized susceptance B/Y0 presents an oscillating behavior with a decreas-
ing trend for the same range of positions of the slot. The maximum and the minimum
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Parameter n p1 p2 p3 p4 eM
G 3 −3.6771× 10−4 0.0097 0.0386 -0.0479 0.29%
B 3 −7.5842× 10−4 0.0096 -0.0412 0.2409 0.53%
Table 2.3: Coefficients of the polynomial p(x) = p1xn + p2xn−1 + . . .+ pnx+ pn+1 of degree n
that fit the simulated slot conductance G and susceptance B as a function of the offset d
Figure 2.4: Magnitude (left) and phase (right) of the S11 parameter for different offsets of the
slot
Figure 2.5: Conductance G – (left) and susceptance B – (right) for different offsets d of the
slot; simulated data (◦ – marks), fitted curve (solid line), Oliner solution (dashed line)
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value of B/Y0 are 0.1966 and -0.0215. The position of the offset for which the suscep-
tance is zero was determined using the polynomial fitted curve. Thus, it was found that
the shunt slot is at resonance when its length is around 10.41mm. For this position, a
slot with a length a′ = 10.77mm is computed using the expression of the polynomial
fitted curve whose coefficients are given in Table 2.2.
2.3.3 Adaptation Coefficient for Adapted Slots
As it has been observed from the results, the magnitude of the S11–parameter for lengths
adapted to 10GHz is a function of the position of the slot. Since the S11 represents the
reflection coefficient, such parameter is an indirect measure of the power that it is being
emitted by the slotted-waveguide antenna. In this sense, the energy delivered to the
slot depends on the reflection coefficient of the system. This energy produces a field
distribution at the aperture of the slot as result of the perturbation of the surface
current on the walls of the waveguide. The field distribution at the aperture of the slot
is normally considered as cosinusoidal [16] [5] [6] and it can be calculated using Equation
2.7, where E0 represents the maximum value of the electric field. In this equation, a
Cartesian reference system with origin at the center of the slot is considered. Besides,
it is taken into account that the aperture of the slot is on the XY –plane and that the
y–axis of such reference system is parallel to the longitudinal direction of the slot. This
reference system is illustrated in Figure 2.6-(left).
E = E0 cos
piy
a′
(2.7)
The magnitude of the electric field was simulated along the longitudinal axis of the
slot for 19 different offsets of the slot between d = 1.68mm and d = 10.68mm. In all
cases, the lengths of the radiating element a′ that were considered are the ones for which
the system is adapted to 10GHz. From the three cases that are presented in Figure
2.6-(right), it can be corroborated that the maximum magnitude of the electric field is
always found at the center of the aperture. In such figure, data are normalized to the
maximum magnitude E0 of the electric field obtained for d = 10.68mm. On the other
hand, Figure 2.7 shows the maximum magnitude E0 as a function of the offset of the
slot. In this figure is also plotted the ratio of radiated power prad to input power pin
as a function of the position of the slot. From now, we will refer to this ratio as the
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Figure 2.6: Representation of the Cartesian Reference system that is being considered (left).
|E| at the slot centerline for d=10.68 (solid line), 8.18 (dashed line), and 5.68mm (line with +
marks) for a′ = 14.75, 14.87, and 14.72mm, respectively (Right)
Figure 2.7: Normalized E0 (left) and total efficiency eT (right) as a function of the position of
the slot
adaptation coefficient eT and it will be used as a measure of the power that is radiated
by the system. This parameter was obtained using CST and its expression is presented
by Equation 2.8. From the figure, we can see how variations of the position of the slot
affect the power that the antenna radiates. The results are normalized to the maximum
value of the adaptation coefficient obtained for d = 10.18mm.
eT =
Prad
Pin
(2.8)
43
Chapter 2. Characterization of a Slotted–Waveguide Antenna
2.4 Effects of Variations in Slot Dimensions
on the Performance of the Antenna
The results presented so far reflect that the performance of the slotted-waveguide an-
tenna depends on the dimensions of the slot. For instance, the emission was adapted to
10GHz by modifying the length of the slot. From the expression proposed by Oliner to
calculate the normalized resistance of the slot (Equation 2.4) we observe that changes in
either the length or the width of the slot leads to variations on the impedance-admittance
of the slot. In this respect, the objective of this part is to evaluate the impact of such
variations on the conductance G and susceptance B of the slot at 10GHz. It is im-
portant to know what the impact of variations is, since sometimes the accuracy in the
manufacturing process, for instance, is such that the required exact dimensions are not
obtained.
The normalized conductance G/Y0 and susceptance B/Y0 were computed for 19 equidis-
tant positions of the slot between d = 1.68mm and d = 10.68mm for an operating
frequency f = 10GHz. At each position d, two different lengths of the slot a′ were
simulated: the length of the slot for which the S11–parameter is adapted to 10GHz (see
Section 2.3.1) and a length 0.15mm shorter than the one of the adapted response. A
change of 0.15mm represents a modification in the length of the slot of 10% of one-half
wavelength (λ ≈ 30mm). Figure 2.8 presents the results of the computation. As it can
be observed, data of the adapted response corresponds to those presented in Figure 2.5.
In the case of the normalized conductance G/Y0, its value does not present significant
changes for the two lengths of the slot that were evaluated. In fact, the maximum abso-
lute error eaM among the 19 positions is eaM = 3.2% for d= 6.18mm. Unlike the small
variation of conductance G, susceptance B is more sensible to changes in the length
of the slot a′. In this case, eaM = 30.7% for d = 10.68mm. Besides, the variation of
lengths provoked a shift of up to 2.3% with respect to 10GHz in the frequency at which
the minimum magnitude of the S11 parameter was found.
Considering the curve that fits the susceptance B whose coefficients are shown in Table
2.3 in page 41, the slotted-waveguide antenna was simulated for different lengths and
widths of the slot when the radiating element was positioned near to resonance. The
results of this set of simulations are displayed in Figure 2.9. Both for lengths and widths,
simulations were carried out considering an offset d = 10.41mm and the parameters
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Figure 2.8: Normalized Conductance G/Y0 (left) and susceptance B/Y0 (right) for different
offsets d. Slot lengths adapted at 10GHz (dashed line with ◦ – mark). Slots 15mm shorter than
the adapted ones (solid line with + – mark)
are calculated at 10GHz. The length was varied from d = 13.25mm (0.883(λ/2)) to
d = 16.25mm (1.083(λ/2)). It means that it was modified ±1.5mm (0.1(λ/2)) around
d = 14.75mm. In such range, the conductance G presents a maximum located at
resonance, when B/Y0 = 0. It can be observed that the system is sensible to small
changes in the length of the slot for a given operating frequency. For the assessed
lengths of the slot a′, the difference between the maximum and the minimum value of the
normalized conductance G/Y0 and susceptance B/Y0 are 0.921 and 0.337, respectively.
Regarding the width of the slot b′, the magnitude of the variations for G/Y0 is 0.002
and for B/Y0 is 0.184, when the width is modified between b
′ = 1mm and b′ = 1.5mm.
It means that the system is more affected by variations in the length than in the width
of the slot, as occurs into the complementary electric dipole case.
2.5 Radiation Pattern
In order to know how the slot radiates the power coupled by it between the modal field
into the waveguide and free space, the radiation pattern of the system was obtained.
Figure 2.10 presents the antenna gain pattern computed using CST for an offset d =
10.41mm, a length a′ = 14.753mm, and a operating frequency f = 10GHz. These
specific values of offset and length were chosen because it was found that the system is
working near to resonance for such values. In fact, the normalized admittance at the
operating frequency for a system working with this configuration is Y/Y0 ≈ 1.01. A
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Figure 2.9: Normalized conductanceG/Y0 (solid line)and normalized susceptance B/Y0 (dashed
line) for differetn lenghts a′ (left) and different widths b′(right) of the slot
Figure 2.10: Gain pattern of a slotted-waveguide antenna. d = 10.41, a′ = 14.753
summary with the most important parameters derived from the gain radiation pattern
for the E and the H–plane is shown in Table 2.4. Since the perturbed surface current
induces an electric field normal to the longitudinal direction of the slot, it is considered
that the E and the H–plane are parallel to the XZ and the Y Z–plane, respectively, of
the Cartesian reference system that is being considered (see Figure 2.1 and 2.6).
The first feature that it can be observed from the radiation pattern is the fact that the
maximum magnitude of the gain is not located at θ = 0. This fact is mainly due to the
finite extensions of the waveguide and to the offset of the slot. The latter statement
can be corroborated if Figure 2.11 is analyzed. The figure shows the normalized gain
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Parameter E–plane H–plane
Main Lobe Magnitude 6.3dB 3.6dB
Main Lobe Direction −31◦ −1◦
Angular Width (-3dB) 84.4◦ 84◦
Side Lobe Level −2.9dB −9.3dB
Table 2.4: Parameters of the antenna gain pattern. An offset d = 10.41mm and a lenght
a′ = 14.753 are considered for the slots
Figure 2.11: Normalized anntena gain pattern for d = 2.18mm and a′ = 14.38mm (dashed
line); and d = 10.41mm and a′ = 14.753mm (solid line). E–plane (left). H–plane (right)
pattern in the E and the H–plane for d = 2.18mm and d = 10.41mm. In both directions,
data is normalized to its maximum value. Furthermore, the simulations consider the
length of the slot for which it was found an S11 adapted to 10GHz. If the parameters
for d = 2.18mm and a′ = 14.38mm (table 2.5) are compared with those obtained for
d=10.41 ans a′ = 14.753mm, we observe a difference between the main lobe directions
of ∆θ = 18◦.
Since the radiation pattern of a slotted waveguide antenna is affected by the finite
dimensions of the waveguide, an intuitive manner to correct the deviations of the main
lobe directions with respect to θ = 0◦ is extending the ground plane of the antenna. In
order to achieve this objective, a metallic sheet was placed in contact over the broad wall
of the waveguide on which the slot is located. This metallic sheet has also a slot cut with
the same dimension of those on the waveguide and it is positioned in such a way that
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Parameter E–plane H–plane
Main Lobe Magnitude 7.2dB 6.8dB
Main Lobe Direction −13◦ −2◦
Angular Width (-3dB) 79.5◦ 77.4◦
Side Lobe Level −8.9dB −13.9dB
Table 2.5: Parameters of the antenna gain pattern. An offset d = 2.18mm and a lenght
a′ = 14.38 are considered for the slots
Figure 2.12: Representation of the mettallic sheet placed over the broad wall of the waveguide
on which the slot is located
the borders of both slots always match regardless of the offset of the radiating element.
Moreover, a thickness tm = 0.535mm is considered for the simulations. This thickness
was chosen taking into account that such sheet could be implemented by using, for
instance, the commercial substrate Rogers 4003 of 0.5mm with copper layers of 17.5µm.
The slot would be made using this substrate if all surfaces of the substrate, even the
borders of the slot, were metalized. In this case, similar results than those obtained for
a solid metallic sheet would be obtained. Regarding the metalization of the borders of
the slot, this process is possible and it can be done by the manufacturing department at
UPC. The configuration of the guide with the metallic sheet is represented in Figure 2.12.
The length of the slot, the extension of the metallic sheet in the transversal direction to
the waveguide centerline, is defined as `sheet = aw + 2(lex), where aw is the width of the
guide considering its outside dimensions and lex is the extra length that is being adding
by the metallic sheet. In this manner, for instance, the sheet has the same extension
than the width of the guide when lex = 0mm.
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Figure 2.13: Antenna gain pattern for d = 10.41mm and a′ = 14.753mm. 2 different lenghts of
the metallic sheet are considered: `sheet = aw + 2(5mm) (solid line), and `sheet = aw + 2(10mm)
(dashed line). E–plane (left), H–plane (right)
Figure 2.13 shows the results for lex = 5mm and lex = 10mm. In both cases, an offset
d = 10.41mm, a length a′ = 14.753mm, and a frequency f = 10GHz are considered. If
this figure is compared with radiation patterns presented in Figure 2.11, we can observe
that the direction in which the main lobe is measured is modified. For instance, such
direction is located at θ = 11◦ for lex = 10mm. In this way, it is corroborated the influ-
ence of the extension of the ground plane in the characteristics of the radiation pattern.
However, it has also influence on the admittance of the slot that should be considered.
Table 2.6 presents the normalized admittance Y/Y0 and the frequency fS11m at which
the minimum magnitude of the S11–parameter was obtained. Both the normalized con-
ductance G and the normalized susceptance B present a maximum absolute error of
around 20%. Regarding the frequency, the maximum shift with respect to 10GHz was
found for lex = 10mm, for which a deviation of 52MHz, 0.52% with respect to 10GHz,
was simulated.
2.6 Admittance of a Real Slotted-Waveguide Antenna
Within the activities of UPC/AntennaLab group, a one-slot waveguide antenna that
works in the X–band had been previously manufactured. In addition to measuring
its characteristics, an antenna with similar dimensions was simulated using CST. This
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Metallic
Sheet `sheet Y/Y0 fS11m
No – 1.01− 0.000082j 10GHz
Yes aw + 2(0mm) 1.01 + j0.063 10.018GHz
Yes aw + 2(5mm) 0.808 + j0.18 10.036GHz
Yes aw + 2(10mm) 0.888 + j0.2 10.052GHz
Table 2.6: Normalized admittance Y/Yo and frequency for which the minimum of the S11
parameter is obtained (fS11m) when a metallic sheet of length `sheet is placed over the broad
wall of the waveguide on which the slot is located
Figure 2.14: Representation of the one-slot waveguide antenna that was simulated and measured
antenna consists of three sections: a metallic termination, a waveguide on which the slot
is situated, and a feeding section. In all cases, the inner dimensions of the waveguide are
those of the standard waveguide WR–90 (a×b = 22.86mm×10.16mm). The dimensions
of the slot are approximately a′ × b′ = 14.6mm × 1.5mm and its center is positioned
around 3(λ/4) away from the metallic termination. Besides, the offset of the slot is
d = 10.68mm. At the opposite side of the metallic termination is the feeding section.
A waveguide-coaxial transition is used to stimulate the TE10 mode into the waveguide.
This 50Ω–port is located around λ/4 away from a short end. Figure 2.14 shows a scale
representation of an antenna with these characteristics.
Figure 2.15 shows the simulated and the measured S11-parameter measured at the 50Ω
port of the antenna. With respect to real data, they were measured using a network
analyzer Agilent E8362B. As it can be observed, data presented in the figure have similar
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Figure 2.15: |S11|. Measured data (solid line). Simulated data (dashed line)
behaviors, but not similar magnitudes. In both cases, an oscillating frequency response
with one of its three minima at around 10GHz is observed. Regarding the differences
between simulated and measured data, they could be due to the fact that, for instance,
the manufactured slot does not have a perfect rectangular geometry. According to [16],
small changes in the shape of the radiating element lead to modifications of the oper-
ational characteristics in slotted-waveguide antennas. Moreover, the dimensions that
were used to carried out simulations represent only an approximation to real situation.
Finally, the conductance G and the susceptance B computed from the measured S11-
parameter are depicted in Figure 2.16. We observe that the antenna is not working at
resonance, since at 10GHz, an admittance Y = 0.01Ω− j0.005Ω is measured.
51
Chapter 2. Characterization of a Slotted–Waveguide Antenna
Figure 2.16: Conductance G (left) and susceptance B (right) measured at the input port of a
real slotted-waveguide antenna
2.7 Conclusions
Slot cuts on the walls of waveguides can be used as radiating elements. The characteristic
in the radiation that is emitted by this kind of system depends on the shape, position,
dimension, and orientation of the slot with respect to the waveguide. With a longitudinal
slot, it is possible to command the power transmitted by the antenna by controlling
the transversal displacement of the slot with respect to the waveguide centerline. The
behavior of system can be studied if its equivalent circuit representation is used. By
finding the values of normalized conductance G/Y0 and susceptance B/Y0 of the slot,
it was determined that the system is working at resonance when for an offset around
d = 10.41mm. At this position, the maximum degree of coupling between the power of
modal field into the waveguide and the power transmitted to free space by the antenna
was found. On the other hand, the length of the slot varies as a function of the offsets
to obtain a response adapted to a given frequency. Furthermore, it was observed that
the system is strongly affected by variations in the length of the slot. Such affectation
are more notorious in the susceptance B than in the conductance G. Besides, changes
in the adapted frequency are produced by variations in the dimensions of the slot.
In this sense, the precision in the manufacturing process plays a key role to obtain
systems with required performances. Regarding the form of how the system radiates
the electromagnetic field, it was found that the radiation pattern is affected by the
finite dimensions of the waveguide. Such affectations are noticed as changes in the
main lobe direction when different offsets are considered. By incrementing the ground
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plane of the system, for instance, using a metallic sheet, the radiation pattern can
be modified. However, the inclusion of this element affects both conductance G and
susceptance B of the slot. In this sense, such changes should be considering during
the design process. Finally, it is proposed for future work the study of the operational
characteristics of slotted-waveguide antennas when, instead of using a short-circuited
termination, adapted loads are placed at the end of the waveguide. In this manner,
possible modifications in the response of the system due to reflections at such short-
circuited terminations could be avoided.
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Design of an Slot-Antenna Array
for Imaging Applications
The extensively use of slotted-waveguide antennas in radar and communications system
have led to studies about the performance of this kind of antennas when more than one
radiating element is used. For slot-antenna arrays, the overall impedance or admittance
with which the n radiating elements load the waveguide determines the characteristics
of the electromagnetic field radiated by the system. Based on the results presented in
Chapter 2, the position of the slots with respect to the waveguide centerline and the
length of the slots are the parameters which will control the coupling of power between
the modal field into the waveguide and free space if an array of longitudinal shunt slots
is used.
Among other advantageous characteristics, the use of slotted-waveguide arrays allows the
accurate control of both amplitude and phase of the field distribution at the aperture
of radiating elements [5]. We can take advantage of this fact to determine the field
distribution that reaches the aperture of slots in the array by using, for instance, the
Modulated Scatterer Technique (MST) or a mixing technique. Since an image could
be processed from the measurement of the electric field scattered by the object to be
imaged, this feature is important for the purposes of this work. According to Bolomey
[19], the MST technique relies on the perturbation of a certain field distribution by a
modulated probe. Such probe must disturb the field in different positions along the
entire line where we are interested in measuring the electric field with separation of
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around λ/2 between adjacent positions in order to be able to use the technique. On
the other hand, in the working scheme that we have called mixing technique, the signal
containing the information of the field scattered by an object is shifted in frequency as
a result of the multiplication of signals at the aperture of slots.
Two possible configurations of systems working with the MST and the mixing technique
are studied in this section. These configurations are based on the use of non linear
semiconductor devices that are placed at the aperture of the slots in such a way that
they connect the transverse borders of the radiating element. When used the MST
technique, a sequential modulation of the elements would be performed. It means that
all the shunt elements are modulated, but not at the same time. Based on the fact that
they can be modulated by changing their bias condition, we make use of PIN diodes
as the shunt elements that will be placed at the aperture of the slots. When a PIN
diode is used, it is considered that one of the diodes is sequentially working between a
reverse bias and a forward bias condition while the others are all forward biased. In
this manner, the oscillating behavior of the modulated slot will lead to a change in the
reflection coefficient S11 with information on the field to be measured. On the other
hand, a system working with Schottky diodes as mixers is presented. Here, a frequency
shift is obtained as a result of the multiplication of signals at the aperture of slots. In
this sense, when part of the field radiated at a given frequency f1 by an object gets
the aperture of the slot, this signal will mix with the field that is coupled by the slot
from the modal distribution into the waveguide. If the slotted-waveguide antenna was
operating at a frequency f0, the information of the field radiated by the object would
be translated to the frequency f1±f0 and this shifted signal could be measured directly
in the terminals of the diode.
The following sections begin with an analysis of effects in the performance of a one-
slot waveguide antenna when a wire of a Perfect Electric Conductor (PEC) material, a
PIN diode, or a Schottky diode are placed between the transverse borders of the slot.
Then, possible configurations for an eight-slot antenna are proposed for systems working
with and without the presence of shunt element. For cases in which shunt elements are
considered, the proposals are done taken into account parameters of commercial diodes.
Finally, measured data of a slotted-waveguide antenna with a Schottky diode working
as a mixer are presented.
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3.1 Effects of Shunt Elements on the Performance of a
One-Slot Waveguide Antenna
As suggested by Bolomey [19], the modulation of the probe in the MST technique can
be implemented by loading the probe with a semiconductor device oscillating between
a short-circuit and an open-circuit condition. In a one-slot waveguide antenna, this
requirement means that we have to control of the moment in which the slot is radiating.
If the slot does not couple power from modal field into the waveguide to free space,
the magnitude of the reflection coefficient S11 that is measured in the port feeding the
guide should be close to one since the power, instead of be transmitted, is reflected to
the interior of the guide. On the other hand, the lower the magnitude of the reflection
coefficient S11, the more the power coupled by the slot. From the definition of the S–
parameters (Equation 3.1), a reflection coefficient S11 = 1 and S11 = 0 are accomplished
for an input impedance Zin = 0 and Zin = Z0, respectively. Considering the equivalent
circuit representation of the slot that is illustrated in Figure 3.1, the waveguide was
loaded by an impedance Zin = 0 if an element of impedance Ze = 0 would be placed
in parallel to the slot. As explained in Chapter 2, a longitudinal slot interrupts the
transverse current on the broad wall of the guide. If, for instance, a wire connected
the transverse borders of the slot, instead of be interrupted by the presence of the
slot, the current would flow throughout this wire and an equivalent impedance of the
slot-wire pair would be zero. On the contrary, when a shunt device with an open-circuit
condition is considered, the best performance in term of coupled power is obtained when
the waveguide is loaded with an equivalent impedance Zin = (R + jX)//Ze. With this
condition, a reflection coefficient S11 = 0 would be obtained.
S11 =
Zin − Z0
Zin + Z0
(3.1)
In practice, the modulation of the power radiated by the slot can be implemented,
for instance, by using PIN diodes. Since diodes do not provide either a perfect short-
circuit or a perfect open-circuit condition, the impedance of the device will affect the
performance of the system when connected in parallel with the slot. In the case of a
Schottky diode working as a mixer, the impedance of the diode must also be considered
in the computation of the characteristics of the system. Along this section, simulations
on the performance of a one-slot waveguide antenna are presented for three different
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Figure 3.1: Equivalent representation of the slot and the shunt element with impendace Ze
Figure 3.2: Scale representetion of the slot on the waveguide. The position of the shunt element
is illustrated in the figure
cases: when a perfect conductor wire, when a PIN diode, and when a Schottky diode is
connected between the transverse borders of the slot at the center of the aperture. The
dimensions of the waveguide that were employed correspond to those used in Chapter 2
to characterize the one slot waveguide antenna. Thus, a standard waveguide WR − 90
with inside dimensions a× b = 22.85mm× 10.16mm of total length `g = 17(λg/4) was
configured in CST. Furthermore, the center of the slot is located at a distance λg/4 from
the short-circuited end of the guide. At the opposite end, a waveguide port feeds the
TE10 mode into the guide. This configuration is illustrated in Figure 3.2.
3.1.1 Effects of a Perfect Conductor Wire
As mentioned, a perfect conductor wire between the transverse borders of the radiating
element can be used to obtain a short-circuited slot. A slotted-waveguide antenna with
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Figure 3.3: Normalized magnitude (left) and phase (right) of the elecrtic field at the aperture
of the slot for an open-circuited slot (solid line) and a short-circuited slot (dashed line)
one radiating element was simulated to observe the changes in the performance of the
system because of the presence of the wire. With regard to the radiating element, the
dimensions of the slot that were chosen are those for which it was found in Chapter 2 that
the system is operating near to resonance at 10GHz. Hence, a length a′ = 14.753mm,
a width b′ = 1.55mm, and an offset d = 10.41mm are taken into account during the
simulations.
Figure 3.3 presents the magnitude and the phase of the electric field when the slot is
short-circuited by a perfect conductor wire and when the wire is not contemplated in the
radiation process. These data were simulated over a line located along the longitudinal
axis of the slot. The electric field is normalized to its maximum magnitude. The
normalization factor corresponds to the magnitude that is computed at the center of
the line when the shunt element is not considered. As observed, the magnitude of
the electric field is not completely suppressed with the presence of the wire. However,
the maximum magnitude along the line that this field presents is less than 6% of the
maximum value obtained without the presence of the shunt element. Regarding the
phase, the characteristic phase response of this type of antennas, one with a flat behavior
along the aperture, is observed in the figure.
As it was expected, the reflection coefficient S11 increase considerably its magnitude
with the presence of the shunt element. At 10GHz,a change of 40dB is observed in
Figure 3.4 between the responses obtained with and without wire. Such decrement of
the S11–parameter can be understood as a reduction of the perturbation of the surface
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Figure 3.4: |S11| when the slot is open circuited (solid line) and short ciruited (dashed line)
Case Minimum |S11| eT Y/Y0
Open-circuited slot −42.37dB −0.05dB 1
Short-circuited slot −0.08dB −24.32dB 0.005 + 0.232j
Table 3.1: Parameters obtained for a one-slot waveguide antenna. All data are measured at
f = 10GHz
current in the walls of the guide as a result of the presence of the wire at the aperture
of the slot. Considering the ratio eT of radiated power to input power, a decrement
of around 24dB is measured when the wire is contemplated during the simulations. It
means that the waveguide is practically loaded by a short circuit and that almost all the
power of the modal field stays into the waveguide. The change in impedance between
the two cases that were considered is noticed in the admittance Smith charts of Figure
3.5. Data in Smith charts correspond to frequencies between 9 and 11GHz and the
results are normalized to the wave admittance according to the frequency that is being
plotted. At 10GHz, a characteristic admittance Y0 =
λ
λg
√
ε/µ = 0.002Ω−1 is taken into
account. At such working frequency, the normalized admittance when the wire is and
is not considered in the simulations has a value of Y/Y0 = 1 to Y/Y0 = 0.005 + 0.232j,
respectively. Finally, Table 3.1 summarizes the main changes between the two cases
that were studied in this section.
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Figure 3.5: Normalized admitance Y/Y0. Open-circuted slot (left). Short-circuited slot (rigth).
There is an space 0.2GHz between the ◦–marks
3.1.2 Effects of a PIN Diode
Based on the characteristics of the device, PIN diodes can be used to construct electronic
switching elements by controlling the current flowing throughout its terminals. When
reverse biased, a high diode impedance is obtained because of the small series junction
capacitance of the semiconductor device. On the other hand, a forward biasing removes
such junction capacitance and leaves the diode in a low impedance state [20]. In order to
observe the effects on the performance of a slotted-waveguide antenna when a PIN diode
is used to generate an open-circuited and a short-circuited radiating element, the antenna
was simulated by using the parameters of the commercial diode MA4AGBLP912 from
M/A-COM technologies, The equivalent model of this diode is illustrated in Figure 3.6
and it was selected because its low capacitance Ct = 28fF , and its low series inductance
Ls = 7.95pH make it suitable for use through the X–band, the frequency range of the
electromagnetic spectrum from 8 to 12GHz. Besides, it presents a forward and a reverse
resistance Rs = 4Ω and Rs = 10kΩ, respectively. The resistance R and the reactance
X that the diode MA4AGBLP912 presents between its terminal at the ON and OFF
state are plotted in Figure 3.7. The computation of the impedance of the diode ZD was
obtained by implementing Equation 3.2 in Matlab. In the expression, it is considered
that ZCt = −j/(ωCt) and ZLs = jωLs. From the chart where the impedance is plotted,
we can observe the significant magnitude of the capacitive reactance of the diode when
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Figure 3.6: Equivalent model of the PIN diode MA4AGBLP912. Image taken from the
datasheet of the device provided by the manufacturer
Figure 3.7: Resistance R (left) and reactance X (right) of the PIN diode MA4AGBLP912 for
two biasing conditions: forward biased (solid line) and reverse biased (dashed line)
the parameters to simulate a reverse-bias condition are taken into account. At 10GHz,
the impedance of the diode goes from ZD = 4 + 0.47j,Ω for a forward-bias condition to
ZD = 37.26− 608.7j,Ω when the diode is reverse biased.
ZD = R+ jX = ZLs +
RsZCt
Rs + ZCt
(3.2)
Although the forward impedance of the diode MA4AGBLP912 presents suitable char-
acteristics to implement a low impedance between the transverse borders of the slot,
the value of resistance R and the reactance X of the device when reverse biased leads
to modifications in the operational characteristics of the system with respect to the
behavior of the slotted-waveguide antenna that is obtained when there is no shunt el-
ement at the aperture of the radiating element. This situation is illustrated in Figure
3.8–(left). In such figure, the reflection coefficient S11 is plotted for two cases: when the
slotted-waveguide antenna radiates with and without the presence of the shunt diode at
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Figure 3.8: (Left)– |S11| for d = 10.41mm and a′ = 14.753 when no shunt element (dashed
line) and when the diode is considered at the aperture of the slot (solid line). (Right)- |S11| for
d = 10.68mm and a′ = 13.54 for a reverse-biased (solid line) and a forward-biased (dashed line)
diode
the aperture of the slot. The dimensions and the offset of the slot are the same than
those used in Section 3.1.1. Thus, a slot of a′ × b′ = 14.753mm× 1.5mm with an offset
d = 10.41mm is considered for these simulations. With this configuration, there is a
shift in the frequency to which the system is adapted of 8% with respect to the working
frequency. Moreover, the S11–parameter has a magnitude of only −2.26dB at 10GHz.
In order to compensate the shift in frequency that the presence of the reverse-biased
diode produces, the length a′ and the offset d of the slot were modified until obtain a
response adapted to 10GHz. The parameters of the radiating element with which such
condition was accomplished are a′ = 13.54mm and d = 10.68mm. Besides, a resonant
response was found using a system with these characteristics. Figure 3.8–(left) shows
the magnitude of the S11–parameter for the cases in which the diode is forward-biased
and reverse-biased. The figure suggests that the diode MA4AGBLP912 can be used to
implement an open-circuited and a short-circuited slot by controlling its bias condition.
When adapted to 10GHz, the reflection coefficient presents a variation of more than
25dB between these two bias condition. With respect to the ratio of radiated power
to input power, eT = Prad/Pin, the system presents a value of 24dB higher for the
open-circuited slot than for the case in which the PIN diode is working under a forward-
bias condition. The equivalent admittance of the slot-diode pair is illustrated in the
Smith Charts of Figure 3.9 for frequencies between 9 and 11GHz. As observed, the
equivalent admittance of the slot-diode pair with which is being loaded the waveguide
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Figure 3.9: Normalized admitance Y/Y0. Reverse–biased diode (left). Forward–biased diode
(rigth). There is an space 0.2GHz between the ◦–marks
Case Minimum |S11| eT Y/Y0
Open-circuited slot −27.42dB −0.65dB 0.92 + 0.02j
Short-circuited slot −0.06dB −24.86dB 0.003 + 0.10j
Table 3.2: Parameters obtained for a one-slot waveguide antenna. All data correspond are
measured at f = 10GHz. The offset and the lenght of the slot are d = 10.68 and a′ = 13.54,
respectively
is Y/Y0 = 0.92 + 0.02j and Y/Y0 = 3.45 × 10−3 + 0.10j when the diode is reverse and
forward biased, respectively. Finally, Table 3.2 presents the main characteristics of the
system when the parameters of the PIN diode MA4AGBLP912 are taken into account
to carry out simulations of the slotted-waveguide antenna described in this subsection.
The data presented in the table corresponds to the configuration of the system for which
a response adapted to 10GHz was obtained.
3.1.3 Effects of a Schottky Diode
The Schottky barrier diode is a device that relies on a semiconductor-metal junction and
it is normally used in mixing applications [20]. As mentioned in the first paragraphs
of this chapter, measurement of field distribution can be performed by using Schottky
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Figure 3.10: Equivalent model of the Schottky diode HSMS–8101. Image taken from the
datasheet of the device provided by the manufacturer
diodes when they are configured as mixers at the aperture of the slots. However, we
have observed along this chapter and the previous one that variations in the equivalent
impedance with which the waveguide is loaded lead to modifications in the operational
characteristics of the system. When a Shcottky diode is used, such equivalent impedance
is the result of the presence of both the slot and the shunt diode in the walls of the
waveguide.
As in the case of the PIN diode, it was searched for a Schottky diode suitable to work
in the frequency band in which we are interested on, the X–band. Considering that the
implementation of a mixer is desired, the parameters of the diode HSMS-8101 by Avago
Technologies were chosen to carry out the simulations whose results are presented in
this section. The equivalent circuit of this barrier diode is shown in Figure 3.10, while
the values of resistance R and reactance X that are measured between its terminals in
the frequency range from 9 to 11GHz are plotted in Figure 3.11. To obtain the values
of the impedance, the S–parameters of the diode at 1mA self-bias that are provided
by the manufacturer are used. With this biasing, the value of the junction resistance
is Rj = 256Ω. As observed in the figure, the Schottky diode presents an impendace
ZD = 30.8 + j79.8,Ω at 10GHz.
The parameters of the Schottky diode HSMS-8101 were configured in CST at the aper-
ture of a one-slot waveguide antenna by using lumped elements. Figure 3.12–(left) shows
the magnitude of the S11–parameter for an offset and a length of the slot of d = 10.41mm
and a′ = 14.7535mm, respectively. As it was mentioned in section 3.1.2, this configu-
ration corresponds to those with which a response adapted to 10GHz is obtained when
no shunt elements are considered at the aperture of the radiating elements. As well as
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Figure 3.11: Resistance R (left) and reactance X (right) of the Schottky diode MHSMS–8101
at 1mA self-bias
Case Minimum |S11| eT Y/Y0
Open-circuited slot −17.04dB −1.42dB 0.67 + j0.06
Table 3.3: Parameters obtained for a one-slot waveguide antenna. All data are measured at
f = 10GHz. The offset and the lenght of the slot are d = 10.68 and a′ = 16.69, respectively
in the case of the PIN diode, a frequency shift of around 8% with respect to the working
frequency, 10GHz, is observed when the Schottky diode is considered. Contrary to the
displacement that was simulated for the PIN diode, the use of the Schottky HSMS-
8101 leads to a rightward shift of the frequency at which the minimum magnitude of
the S11 is achieved. When considering the Schottky diode at the aperture of the slot,
the best performance of the system was accomplished for an offset and a length of the
slot d = 10.68mm and a′ = 16.69. For a system with these parameters, it was simu-
lated the response adapted to 10GHz that presented the minimum magnitude of the
S11–parameter (−17dB), as it can be noted in Figure 3.12–(right).
With respect to the equivalent impedance of the slot-diode pair, the system with the
Schottky diode at the aperture of the slot presented a normalized impedance Y/Y0 =
0.67+j0.06 at 10GHz, as observed in Figure 3.13. Taken into account the magnitude of
the conductance G of the slot-diode pair, it can be observed that not all the power from
the modal field is transmitted to free space. In fact, the ratio eT of radiated power to
input power is −1.42dB at 10GHz for this configuration. The parameters of the system
considering an adapted response are summarized in Table 3.3.
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Figure 3.12: (Left)– |S11| for d = 10.41mm and a′ = 14.7535 when no shunt element (dashed
line) and when the diode is considered at the aperture of the slot (solid line). (Right)- |S11| for
d = 10.68mm and a′ = 16.69 considering the Schottky diode at the aperture of the slot
Figure 3.13: Normalized admitance Y/Y0 of a one-slot waveguide antenna with a Schottky
diode at its aperture. d = 10.68mm and a′ = 16.69mm. 1mA self-bias
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3.2 Design of an 8-Slot Waveguide Antenna
As commented, slot cuts into waveguide walls can couple power from modal field into
free space. Besides, it has seen along this work that the grade of coupling depends on
the positions and the dimensions of each of the radiating element and on the presence
or not of shunt elements at the aperture of the slots. In this sense, for a given working
frequency, it is expected to obtain different configurations of the system for different
working conditions of the slot-antenna array. On the other hand, we are interested in
systems that can be used in the implementation of a X–band imaging retina using either
the MST technique or a mixing technique.
At the beginning of this chapter it was mentioned that PIN and Schottky diodes config-
ured as switches and mixers, respectively, can be used as shunt elements at the aperture
of the slot to implement systems for imaging applications with a working frequency of
10GHz. With this aim in mind, a slotted-waveguide antenna with 8 slots was simulated
for two different working conditions. First, it is contemplated that all shunt elements
are biased in such a way that a high impedance condition is obtained between its termi-
nals. Then, it was simulated a scheme with only one shunt element working with a high
impedance condition, while the others were considered as short circuits. When diodes
are considered as shunt elements, the parameters of the PIN and Schootky diodes that
were taken into account to perform the simulations are the same than those used in
sections 3.1.2 and 3.1.3, respectively. With respect to the waveguide, the dimensions of
the standard guide WR–90 with a total length `g = 17(λg/4) are considered during the
computations. As in previous cases, one of the ends of this waveguide is short-circuited
and is λg/4 away from one of the slots. The waveguide port feeding the TE10 mode
is located at the end that is opposite to the short-circuited termination of the guide.
A scale representation of the system is presented in Figure 3.14. As observed in the
figure, it is considered a system where all radiating elements have the same transverse
displacement with respect to the waveguide centerline.
Along the next paragraphs, configurations of slot-antenna arrays with one and eight
open-circuited radiating elements are proposed. Based on the results that are presented
in Section 3.1, only the parameters of the PIN diode are taken into account when short-
circuited slots are desired.On the other hand, it is suggested two different systems for
the case in which the antenna only works with open circuited slots: one of them contem-
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Figure 3.14: Scale representation of the 8-slot waveguide antenna. The lumped elements are
also represented in the figure
plates the parameters of the PIN diode and the other one considers those parameters of
the Schottky diode. The methodology that was followed to find the best performance of
the antenna is similar for all cases. First, a system using ideal shut elements is designed.
In this sense, an open-circuited and a short circuited slot are obtained when no shunt ele-
ment and when a metallic wire with resistance R = 0Ω, respectively, are placed between
the transversal borders of the slot. After the determination of the parameters when the
system is working in this ideal condition, lumped elements with similar parameters than
those presented by the PIN diode MA4AGBLP912 and the Schottky diode HSMS-8101
are placed at the aperture of slots. Then, the offset d and the length a′ of the slot
were modified respect to the ideal case until obtain a system adapted to 10GHz. Since
different adapted responses are obtained for different offsets of the slot, the parameters
of the system that are proposed correspond to the response that presented the lowest
magnitude of the reflection coefficient S11 at 10GHz among all the simulated offsets.
3.2.1 Array with 8 Open-Circuited Slots
Array Working Without the Presence of Shunt Elements
From the research conducted for communications and radar systems, design rules for
slot-antenna arrays have been obtained. For instance, it is known that the sum of all
the normalized resonant conductance of slots should be equal to 1 if a perfect matching
is desired between the input port that feeds the modal field into the waveguide and the
impedance due to the presence of the slot array [5]. If and antenna with 8 identical
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slots is desired, this design rule means that each of the slots should have a normalized
admittance Y/Y0 = 1/8Ω = 0.125Ω.
In Chapter 2, the performance of a one-slot waveguide antenna was simulated for differ-
ent offsets d of the radiating element and considering that the distribution of current in
the walls of the waveguide is disturbed only by the slot. Considering systems adapted
to 10GHz, it was proposed the coefficients of polynomial curves that fitted the values
of normalized admittance Y/Y0 and the length a
′ of the slots as a function of the offset
d. If such fitting curves are used (see Table 2.2 and 2.3), we found that a normalized
admittance Y/Y0 = 0.125Ω is achieved when d ≈ 2.77mm and a′ ≈ 14.43mm. The
magnitude of the S11-parameter for a system with this offset and this length of slots is
plotted in Figure 3.15-(left). The magnitude of the reflection coefficient of the adapted
response is also plotted in the figure and it was obtained when slots have a length and an
offset a′ = 14.43mm and d = 2.82mm, respectively. As observed in Figure 3.15-(right),
the equivalent normalized admittance with which the waveguide is loaded is around
Y/Y0 = 1 when the system works with this configuration. It means that the almost
all the power provided by the input port will be coupled by the radiating elements to
free space. Actually, the ratio eT of radiated power to input power is −0.04dB for a
system with this disposition. Finally, the normalized radiation patterns in the E and
the H–plane when using this configuration are shown in Figure 3.16. In both planes,
the maximum magnitude of the gain was determined and then this value was used to
normalize data presented in the figure.
Array Working with Diodes as Shunt Elements
As explained at the beginning of this section, the parameters of the adapted system
when using ideal shunt elements at the aperture of the slot were taking as the starting
point to search for the offset d and the length a′ of the slot for which a response adapted
to 10GHz is obtained when ideal component are substituted by the parameters of the
Schottky diode HSMS-8101 and the PIN diode MA4AGBLP912. Among all simulations,
the offsets and the lengths of slots for which the lowest magnitude of the S11–parameter
was found are d = 3.32mm and a′ = 16.79 for the Schottky diode and d = 2.96mm and
a′ = 14.03mm for the PIN diode. Besides the magnitude of the reflection coefficient
shown in Figure 3.17, another factor that led to the selection of these configurations is
the fact that the overall effects of slots are in such a way that an equivalent normalized
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Figure 3.15: (Left)– |S11| for d = 2.82mm (solid line) and d = 2.77mm (dashed line). (Right)-
Y/Y0 for d = 2.82mm and a
′ = 14.43mm. In both plots, it is considered 8-radiating element
and a lenght of the slot a′ = 14.43mm
Figure 3.16: E–plane (left) and H–plane (right) of the gain radiation pattern for d = 2.82mm
and a′ = 14.43mm when the eight slots are radiating and no shunt elements are considered at
the aperture of slots
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Figure 3.17: |S11| for systems with Schottky diodes (left) and PIN diodes (right) as shunt
elements. In the former case: d = 3.32mm and a′ = 16.79mm. In the latter one: d = 2.96mm
and a′ = 14.03mm
admittance Y/Y0 near to unity are produced. It means that a perfect matching exists
between the feeding port and the slot-diode array. However, part of this power is
dissipated by the elements of the diodes. This statement is supported in the fact that,
although the perfect matching, the ratio eT of radiated power to input power are eT =
−1.18dB and eT = −0.50dB when the Schottky and the PIN diode, respectively, are
used as shunt elements. The admittance that these systems present are plotted in the
Smith charts of Figure 3.18 for frequencies between 9 and 11GHz.
Finally, Table 3.4 summarizes the main parameters of the system when no shunt elements
are considering at the aperture of the slot (ideal case) and when the parameters of the
Schottky and PIN diodes are used during the simulations. All data was simulated at
10GHz and in all cases, it is considered the length and the offset of the slot for which an
adapted response was simulated. Since no significant changes are produced with respect
to the ideal case, radiation patterns are not presented for cases in which diodes are used
as shunt elements at the aperture of slots.
3.2.2 Array with 1 Open-Circuited Slot
The design that is presented in this section is thought for a system working with the MST
technique. If implemented a suitable electronic control, it would be possible to determine
the field at the aperture of the slot by measuring the changes in the S11 parameter
produced by the sequentially modulated slots. When only one element radiates energy
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Figure 3.18: Y/Y0 for systems with Schottky diodes (left) and PIN diodes (right) as shunt
elements. In the former case: d = 3.32mm and a′ = 16.79mm. In the latter one: d = 2.96mm
and a′ = 14.03mm
Case Minimum |S11| eT Y/Y0 a′ d
Ideal Case −39.05dB −0.04dB 0.98 14.43mm 2.82mm
Schottky Diode −43dB −1.18dB 1.01 16.79mm 3.32mm
PIN Diode −39.29dB −0.50dB 0.98 + j0.1 14.03mm 2.96mm
Table 3.4: Parameters obtained for an 8-slot waveguide antenna when the 8 slots are open-
circuited. All data are measured at f = 10GHz.
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to free space at a time, the variations in the reflections coefficient are more significant
in terms of magnitude than in a system in which all slots radiate energy at the same
time. Thus, an array with only one radiating element represents another option for the
implementation of an imaging retina.
Array Working with Ideal Shunt Elements (R = 0Ω)
Based on the fact that emitted power by a slotted-waveguide antenna depends on the
equivalent impedance with which the waveguide is loaded, the use of shunt elements
allows the implementation of antenna arrays in which only certain number of slots
radiates energy to free space. As it has been seen in Section 3.1.1, it is possible to have
an almost null emitted power if a wire is used as shunt element at the aperture of the
slot. We make use of this statement to configure an 8-slot waveguide antenna with only
one element radiating power at a time. In this ideal case, it means that a metallic wire
with resistance R = 0Ω was placed at the aperture in seven of the eight slots of the array.
Thus, the only element without the presence of shunt elements at its aperture is the one
that would be coupling power from modal field into the waveguide to free space. Since
the emitted power by the array mostly depends on the non shunted element, the first
parameters of the system that were tried were those for which an adapted response to
10GHz was obtained in Chapter2 for a one-slot waveguide antenna. Hence, the system
was simulated for a length and an offset of the slot a′ = 14.753mm and d = 10.41mm,
respectively. Although it was the first approach, a response with a minimum value of
the reflection coefficient around 10GHz was obtained. Actually, as it can be observed
from Figure 3.19, the magnitude of the reflection coefficient, the normalized admittance,
and the ratio of radiated power to input power are, respectively, S11 = −29.63dB ,
Y/Y0 = 1.06 + j0.03 , and eT = −0.72dB for a system working with these conditions.
Taking into account such values, the parameters of the system were no longer modified.
Finally, the gain radiation patterns for the E and the H–plane are plotted in Figure
3.20
Array Working With PIN Diodes as Shunt Elements
Since the impedance between its terminals can be controlled by modifying its bias con-
dition, the parameters of PIN diodes were chosen to simulate an array with only one
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Figure 3.19: |S11| (left) and Y/Y0 for an 8-slot waveguide antenna when only one element is
open-circuited while the others are short-circuited using metallic wires. d = 10.41mm, a′ =
14.753mm
Figure 3.20: E–plane (left) and H–plane (right) of the gain radiation pattern for d = 10.41mm,
a′ = 14.753mm when only one slot is open-circuited. Ideal case
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Figure 3.21: |S11| (left) and Y/Y0 for an 8-slot waveguide antenna when only one element is
open-circuited while the others are short-circuited using PIN diodes as shunt elements. d =
10.41mm, a′ = 14.35mm
Case Minimum |S11| eT Y/Y0 a′ d
Ideal Case −29.63dB −0.72dB 1.06 + j0.03 14.75mm 10.41mm
PIN Diode −30.64dB −0.70dB 0.94 + j0.02 14.35mm 10.41mm
Table 3.5: Parameters obtained for an 8-slot waveguide antenna when the only one slot is
open-circuited. All data are measured at f = 10GHz.
element radiating at a time. The parameters that were designed for the ideal case were
first simulated. Then, by searching for adapted responses for different offsets of the slot,
it was found the minimum magnitude of the S11- parameter for an offset and a length
of the slot d = 10.41mm and a′ = 14.35mm, respectively. As observed, the parameters
of the slot that were designed for the ideal case represent an excellent approximation
for systems working with the parameters of the diode MA4AGBLP912. The magnitude
of the reflection coefficient S11 and the normalized impedance Y/Y0 of the system for
frequencies between 9 and 11GHz are plotted in Figure 3.21. At 10GHz, the values of
such parameters are S11 = −30.64dB and a Y/Y0 = 0.94 + j0.02. With respect to the
radiation pattern, only slightly differences with respect to the ideal case were observed.
Finally, table 3.5 summarizes the parameters that were designed for an array with only
one open-circuited slot at a time.
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3.3 Measurements on a 1-Slot Waveguide Antenna
With the sole purpose of test that its use is suitable for slotted-waveguide antennas
with a working frequency of 10GHz, a Schottky HSMS-8101 diode was employed as
shunt element at the aperture an antenna with one radiating element. The one-slot
waveguide antenna that was used to perform the measurements is the same that those
used in Section 2.6 (see page 49). In this manner, we work with a standard waveguide
WR-90 with a metallic termination and a waveguide-coaxial transition at its ends. A
50Ω port located λg/4 away from the metallic termination of the transition feeds the
TE10 mode into the waveguide. Regarding the radiating element, the dimensions of
the slot are a′ × b′ = 14.6mm × 1.5mm and its center is located around 3(λg/4) away
from the metallic termination of the system. The displacement of the slot with respect
to the waveguide centerline is d = 10.68mm. Considering that it is manufactured in a
package SOT-23, the transverse dimensions of the diode allow it to be placed directly
over an aperture with the dimensions of the radiating slot. Thus, the Schottky diode
was mounted on a 0.5mm-thick Rogers 4003 substrate with metallic layers of 17µm.
Taking into account that this sheet is placed in contact with the broad wall of the guide
in which the radiating element is located, an aperture with the same dimensions of the
slot was configured in the substrate in such a way that a matching between positions of
both apertures can be obtained. In order to avoid propagation of signals in the dielectric
layer of the substrate, the faces of the slot were metalized. Besides, the contact between
bottom and top layer is assured trough the use of metalized via holes. The representation
of this system is illustrated in Figure 3.22.
In the theoretical performance of the system when diodes are used as shunt elements,
it is considered that the terminals of the diode are in direct contact with the metallic
surface in which the slot is located. It means that no other elements than the ones of
the own diode are contemplated in the RF path between the transverse borders of the
slot. However, in practice it cannot be always accomplished. In our case, while one
terminal of the diode is in direct contact with the metallic surface of the sheet, there is
a DC blocking capacitor of 20pF between the other end of the Schottky diode and the
ground plane that the metallic surface of the sheet represents. Besides, an RF choke
was designed and implemented using coplanar stripline structures with the objective of
polarize the diode if desired. The equivalent circuit of the implemented circuit and its
representation using coplanar striplines are shown in Figure 3.23.
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Figure 3.22: Scale representation of the 1-slot waveguide antenna on which the masurements
were performed
Figure 3.23: Equivalent representation using lumped components(left) and layout (right) of the
circuit that was implemented
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Figure 3.24: Representation of the the system that was used to determine the effects in the
system when the Schottky diode works with different bias conditions
In order to determine the effects of different bias conditions, the S-parameters of the
system illustrated in figure 3.24 were measured. As observed in the figure, a horn antenna
suitable to work in the X-band was placed at a distance h = 150mm from the aperture
of the slotted-waveguide antenna. Besides, the horn antenna is positioned in such a
way that the electric fields in both apertures have the same orientation. Regarding the
Schottky diode, the measurements were carried out for two conditions: when the diode
was not polarized and when the maximum allowed bias voltage (300mV ) was induced
between its terminals. The ports of both the slotted waveguide antenna and the horn
antenna were connected to the input terminals of a network analyzer Agilent E8362B
to measure the S-parameters of the system. From the results shown in Figures 3.25 and
3.26 , it can be corroborated that no significant changes are produced around 10GHz
when modified the bias condition of the diode. This behavior is more notorious in the
plot that shows the conductance and the admittance of the system as a function of
the frequency. In some way this performance was expected since the Schottky diode
HSMS-8101 is not designed for the implementation of switches in the X-band.
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Figure 3.25: |S11| (left) and |S21| (right) for different bias conditions of the Schottky diode:
Vd = 0V (solid line) and Vd = 300mV (dashed line)
Figure 3.26: Conductance G (left) and suceptance B (right) of the slot-diode pair for different
bias conditions of the Schottky diode: Vd = 0V (solid line) and Vd = 300mV (dashed line)
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Figure 3.27: Equivalent circuit in low frequency (left) and frequency response (right) of the
mixer circuit
Taken advantage of its characteristics, the Schottky diode was configured as a mixer by
placing a resistance R = 480Ω in parallel with the terminals of the diode. With this
scheme, the slotted-waveguide antenna and the horn antenna were fed with sinusoidal
signals at frequencies f0 = 9.9998GHz and f1 = 10GHz, respectively, by using two
different frequency synthesizers. In both cases, synthesizers provide signals with a power
of 20dBm. In this manner, the signal that result from the mixing was measured at a
frequency f = 200kHz. At such frequency, the equivalent circuit is the one illustrated
in Figure 3.27-(left). To perform the measurements, the diode was not biased and it
was considered a distance h = 100mm between the apertures of the antennas. The
frequency response of the signal that was measured at the terminals of the diode is
plotted in Figure 3.27-(right). Although with a maximum magnitude of −30dBm, the
result of the mixing is observed in the figure. In fact, a voltage around 80mV peak-to
peak was measured at the terminals of the diode when the system was working with
this configuration.
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3.4 Conclusions
The characteristics of slotted-waveguide antennas allow them to be used for the imple-
mentation of imaging retinas. In practical applications, semiconductor devices as shunt
elements at the aperture of slots can be used, for instance, to implement the modulation
of radiating elements or to perform the detection of a signal emitted by an object in
the far field of the slot-array antenna. Such working schemes can be obtained by using
diodes configured as switches or mixers. Among the advantages of systems with shunt
elements as mixers, it is the fact that the information of the far field is measured di-
rectly in the terminals of the diode. In this manner, the signals could be obtained at the
same time, but using different channels. On the other hand, an electronic system can
be implemented to control the sequential modulation of the diodes when shunt elements
are configured as switches. Hence, the information of the n slots would be measured
at different instants, but in the same port, the one of the slotted-waveguide antenna.
Then, a coherent detection would be implemented to obtain the information of the far
field. In this manner, the required equipment to process the signal stands out as a factor
to be considered for the implementation of this type of systems.
An important factor during the implementation of slotted-waveguide antennas is the
selection of devices that will be used as shunt elements. In our case, it was proposed the
use of the PIN diode MA4AGBLP912 because of the fact that it could be also employed
at W -band, the frequency band in which a final imaging system is desired. Other
possibilities when working at frequencies around 100GHz are the models MA4PBL027
and MA4AGFCP910 by M/A-COM technologies.
The fact that shunt elements can work as a switches would offers the possibility of
implementation of a system where only one modulated slot were radiated at a time. It
could be obtained, for instance, if one slot is open-circuited while the others are short-
circuited. However, it should be considered the inclination of the main lobe direction
observed in the radiation pattern when only one slot is considered.
The results that are presented in this section show the possibility of use the system with
shunt elements working as mixers. However, the diode that was used is not designed
to work at W -band. Thus, it is needed to search for a suitable diode. Furthermore, it
was observed a lower magnitude of the ratio eT of radiated power to input power when
Schottky diodes were used. In this sense, its influence in the final results should be
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evaluated before the implementation of a system using this type of diodes.
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Since they could be employed for the implementation of imaging retinas, two different
systems based on the use of a horn antenna and a slotted-waveguide antenna were
studied in this work. In both cases, the dimensions of antennas were chosen in such a
way that it would be possible place 8 elements at its apertures with a separation of λ/2
between adjacent position in order to be able to measure the field distribution in these
positions.
In terms of the difficulty to manufacture an antenna with the required configuration,
the system based on horn antenna does not represent the best option between the two
antennas that were studied. This statement is based on the fact that the feed horn
must be profiled and phase-correction lenses should be considered to obtain an electric
field with constant amplitude and phase at the aperture of the antenna. On the other
hand, theoretically, horn antennas have a larger potential bandwidth than waveguide
antennas. In this sense, system with horn antennas should be evaluated if the bandwidth
of the signal used requires it, for example, when pulsed signals with large bandwidth
are contemplated.
With respect to the slotted-waveguide antenna, the use of longitudinal length in the
broad wall of the waveguide represents a possibility for the implementation of imaging
systems. In the simulations for a 1-slot waveguide antenna, it was observed the influence
of small changes in the dimensions of the aperture in the operational characteristics of
the system. In this sense, the precision of the manufacturing process could play a key
role to obtain the desired results. Furthermore, systems with different number of open-
circuited slots are proposed. In this sense, the parameters with which the radiating
elements are loaded must be taken into account in the design of a system working with
this configuration. Moreover, from real measurements, it was probed that a slotted
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waveguide antenna with shunt elements configured as mixers can be used to determine
the field distribution at the aperture of a slotted-waveguide antenna.
Since the imaging system that is being considered does not require a large bandwidth,
slotted-waveguide antennas represent the suitable option for the implementation of the
imaging retina between the two antennas that were studied . Hence, the next step in the
process to obtain a functional imaging system is the implementation of PIN diodes as
shunt elements at the aperture of the slot and the design of an electronic control system
to instrument the modulation of the diodes and to command the moment in which they
are working. Finally, a precise equivalent model of the slot-diode pair could help in the
design of this type of systems.
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